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Underlying genomic changes to disease resistance QTL cqSCN-006 and cqSCN-007 
 
Soybean Cyst Nematode (SCN) is the most devastating pest of Glycine max (soybean). Currently 
control of SCN is through planting of non-host crops and the use of disease-resistant soybean 
germplasm containing resistance genes Rhg1 and Rhg4. Over-reliance on these sources 
necessitates identifying and characterizing new sources of resistance to SCN. CqSCN-006 and 
cqSCN-007 are both novel SCN resistance QTL that have been fine-mapped to a relatively 
narrow candidate gene region in the nearest ancestral relative, Glycine soja.  In this study 
genomic changes were identified in candidate genes for the G. soja resistant line PI 468916 
through examining whole genome sequence scaffolds and cloned fosmids. Compelling genomic 
changes in a gamma-SNAP in cqSCN-006 and CAF1 (chromosomal assembly factor 1) in 
cqSCN-007 are examined for their potential to be causative for SCN resistance in cqSCN-006 
and cqSCN-007.   
 
Structural variation causes high protein phenotype in cqProt-003 
 
In addition to the G. soja genotype PI 468916 having resistance to SCN, it also contains genes 
for increased protein production. Three genes have been annotated in the genetically defined 
interval cqProt-003 from PI 468916, which conveys a high protein phenotype. In two of these 
genes, Glyma.20G085200 and Glyma.20G85100, large structural variants were found.  Markers 
were developed for these structural variants and a panel of accessions tested to determine 
correlation of the presence of the high-protein QTL and the genotype of the structural variants.  
The structural variant at Glyma.20G85100 followed the pattern of the high-protein QTL and was 
further investigated using linkage disequilibrium (LD) analysis, haplotype analysis, and stable 
transgenics expressing an RNAi hairpin construct.  Seed protein in the stable transgenic plants 
was significantly higher in three of five segregating T3 populations studied when the transgene 
was detected.   
 
The structural variant between G. soja and G. max at Glyma.20G85100 was found to be an 
insertion into G. max (Williams 82) relative to G. soja (PI 468916), and was not found to be in 
LD with any of the surrounding SNPs. Haplotype analysis indicated that the PI 468916 genotype 
at this site (missing the insertion) was present in accessions which had Williams 82-like SNPs 
surrounding the variant.  Additionally, examination for the sequence of the insertion showed 
evidence of transposon relatedness.  Thus, the insertion at Glyma.20G85100 in G. max (Williams 
82) caused a low protein phenotype in Williams 82, and at some frequency the sequence reverts 
to the ancestral PI468916 form, potentially through the excision of a mobile element, producing 
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CHAPTER 1: LITERATURE REVIEW 
 
INTRODUCTION 
Soybean production history, and economic importance and biology 
The history of the domestication of soybeans, Glycine max, is not well understood.  While there are myths 
surrounding soybean’s ancient usage in China, the first evidence of soybean domestication, the usage of 
the shu pictograph to represent soybeans, dates from the Chou dynasty.  From there, soybean cultivation 
spread to Korea, Japan, and Southeast Asia (Hymowitz, 1970).  There have been several introductions of 
the soybean to North America, however, the earliest introduction of soybeans into Illinois was by Dr. 
Benjamin Franklin Edwards in 1851 (Hymowitz, 1987).  Originally grown primarily as a forage crop, 
soybean production in Illinois increased and the Soybean Laboratory was founded at the University of 
Illinois in 1936 (soyinfocenter.com).    
Soybean is an important crop in Illinois and the United States: 33% of planted land in 2018 in the United 
States was planted in soybeans (Soystats, 2018), and the soybean is also an important crop worldwide, 
with other major producers being Brazil, China, Argentina and India (Liu, 1997). In 2017 119 million 
tons of soybeans were produced in the United States with an average yield of 32.9 thousand hectograms 
per hectare (3.29 Mg per hectare) (FAO STAT, 2018). In 2018 Illinois was the state with the highest 
planted area of soybeans at 4.3 M acres, and soybean yield was the highest of any state at 65 bu per acre 
or 4.4 Mg per hectare (Soystats, 2018).  Across the United States 89.2 million acres of soybeans were 
planted in 2018. This acreage has trended upwards, with 75.7 million acres planted ten years earlier, in 
2008 (Soystats, 2018). Besides the high production areas in the United States and Brazil, it has also been 
suggested the soybean will become a valuable crop in subsistence farming due to the nutritional value of 
soybean and the benefits to the soil because it is a legume (Hartman, West, & Herman, 2011). 
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Wilson (2004) characterized soybean seed as usually comprised of 35% protein and 18% oil. Soybean is 
grown as an oil and protein source for animal and human consumption.  Soybean has many of the 
essential amino acids which make it an excellent protein source for people and animals. Soy protein is 
used in many food products including infant formula, textured soy protein, tofu as well as animal feed and 
aquaculture. Soy protein also contains bioactive proteins such as lectin and beta-amylase as well as 
secondary metabolites such as isoflavones and saponins (Friedman & Brandon, 2001).  Soybean oil is 
used as a vegetable oil and in biodiesel.  Seed protein and oil concentration are quantitatively inherited in 
soybeans (Burton, 1985; Wilcox, 1985) 
The wild ancestor of soybean is Glycine soja. G. soja has the same chromosome number (2n=40) as G. 
max and they are sexually compatible, creating fertile offspring (Carter, Nelson, Sneller, & Cui, 2004), 
however there are many morphological differences from the domestication process such as growth habit, 
seed size and pod shattering (Liu et al., 2007). The G. max (cv. Williams 82) genome was sequenced and 
assembled, and published in 2010 (Schmutz et al., 2010).  A G. soja accession (IT182932) was also 
sequenced and this information was used to locate SNV and structural variation between the domesticated 
G. max and the ancestral G. soja (Kim et al., 2010).  These data also showed that the G. soja and G. max 
lines analyzed only differed at 0.31% of nucleotides (Kim et al., 2010), which is less than the percentage 
of genomic differences between Arabidopsis thaliana accessions (Ossowski et al., 2008).  Kim et al. 
(2010) calculate the divergence between G. soja and G. max to 0.267 Mya.  Because G. soja and G. max 
are sexually compatible, the ancestral G. soja can be used as a source of genomic variation.  Concibido et 
al. (2003) bred an improved yield QTL from a G. soja accession into a soybean line and were able to see 
an improved yield, however the improved yield was not detectable in other elite genetic backgrounds. 
Another example of the ancestral G. soja being used as a source of desirable traits is through the breeding 
of salt tolerance.  Lee, Shannon, Vuong and Nguyen (2009) were able to identify a new allele for salt 
tolerance from a G. soja line (PI 483463).  Isolation and introgression of further alleles from the ancestral 




Seed protein composition  
Soybean seed protein and oil composition ranges widely.  The accessions in the USDA Germplasm 
Resource Information Network (GRIN) have a wide range of reported seed oil and protein concentrations 
(NPGR, 2019).  However, even though this concentration range is broad, it is difficult to achieve both 
high protein and oil as the inverse relationship between seed oil and seed protein has been well 
documented (Johnson, Robinson, & Comstock, 1955; Hanson, Leffel, & Howell, 1961). 
Protein as affected by other yield components 
The inverse relationship between protein content and oil content has been much studied (Hartwig & Kilen 
1990; Wilson, 2004). Protein is generally inversely related to yield and oil content (Rincker et al., 2014) 
so breeding efforts to increase protein composition have been slowed. 
A decrease in seed protein correlated with an increase in seed oil in a set of eight cultivars (Ustun, Allen, 
& English, 2001).  The cultivars studied in this study were from the Midsouth (Tennessee) of the United 
States.  Accessions were chosen as representative of releases from different years.  The yield across these 
lines increased over time. Oil content increased while protein decreased until the 1980s, when oil content 
began to decrease and protein to increase.  A more recent meta-analysis showed that protein concentration 
decreased at 1.3 g kg -1 per Mg seed yield increase (Assefa et al., 2019).  Because of this inverse 
relationship between protein and yield, breeding efforts to increase soybean yield are at odds with efforts 
to increase the protein of soybean. This is likely because of the competing requirements of protein and oil 
for energy and carbon from photosynthesis. 
Hanson et al. (1961) studied the genetic control of energy production within the soybean plant, in 
particular the energy requirements for forming different seed fractions within the seed. They found that it 
took approximately 0.79 grams of sugar carbon to produce one gram of protein, 1.14 grams of sugar 
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carbon to produce on gram of oil and 0.40 grams of sugar carbon to produce one gram of the residual 
fraction (soluble carbohydrates as well as structural carbohydrates such as cellulose).  Hanson et al. 
(1961) only took into account the sugar carbon which was incorporated into the seed itself, as well as the 
“work” carbon required to change the simple sugars to an alternate energy source (protein and oil).  The 
authors did not include other sugar carbons which are associated with plant growth and other 
physiological processes. It was also suggested by Hanson et al. (1961) that a breeder could breed a high 
protein variety when nitrogen was not limited. A ratio of around 1.45:1 in the energy requirements of 
oil/protein meant that energy was less limiting on the production of protein than on oil. 
Shimura and Hanson (1970) found that it was necessary to first fulfill the carbohydrate portion of the seed 
content. They also note that the “cheapest” route to a high yielding soybean would be to increase the 
carbohydrate (residual) fraction.  Shimura and Hanson (1970) also found that an increase in the 
carbohydrate fraction or the oil fraction of the soybean seed came almost exclusively from decreased 
protein fraction. Shimura and Hanson (1970) also determined the energy values determined by Hanson et 
al. (1961) to be incorrect, and that further work was needed to determine the precise energy requirements 
needed and the physiological barriers to breeding for high protein. More recent work on the relationship 
between protein and the other yield components has shown an even higher ratio, closer to a 1.6:1 ratio of 
oil/protein, for example for each unit of yield increase 1.6 units of protein were traded for 1 unit of oil 
(Chung et al., 2003).  Chung et al. (2003) also found the inverse to be true for each unit of yield decrease.  
Conversely, Weir et al. (2005) showed a lower ratio, where an increase in oil concentration caused a 
decrease in protein concentration of 1.26 times the increase in oil concentration.  In summary, for all 
studies, oil requires more energy to produce than protein, with the ratio varying from 1.26 to 1.6 to 1. 
Environmental factors determining soybean protein content 
Soybean seed protein content is highly environmentally variable.  There are many conflicting reports of 
temperature affecting seed protein composition.  While some studies have shown an increase in seed 
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protein composition when environmental temperatures are higher (Dornbos & Mullen, 1992; Wolf, 
Cavins, Kleiman, & Black, 1982); other studies found the opposite to be true and a temperature decrease 
to cause an increase in seed protein composition (Piper & Boote, 1999).  A more recent study (Thomas, 
Boote, Allen, Gallo-Meagher, & Davis, 2003) found an ideal middle temperature where seed protein was 
the highest.  Thomas et al. (2003) also did not find an effect of CO2 concentration on seed protein 
composition.   
Water availability may also affect seed protein composition, but published results here are also 
contradictory.  A decrease in seed protein concentration has been shown when soybeans are exposed to 
water stress.  Specht et al. (2001) found that in a year with extreme drought stress and high heat that 
protein content was decreased when looking at recombinant inbred lines (oil concentration increased in 
the extreme drought year). Carrera et al. (2009) also studied protein and oil concentration in 82 lines in 
Argentina. In that study it was also found that there was a decrease in protein content with increasing 
temperatures and drought stress. Both of these results stand in contrast to the previously mentioned 
Dornbos and Mullen study (1992) which found an increase in protein with severe drought stress. 
A meta-analysis by Rotundo and Westgate (2009) showed that seed protein concentration decreased with 
water stress, as did oil content and the residual seed fraction (carbohydrates). They also found, however, 
that protein was less affected than the other seed components, leading to an increase in percent protein in 
the seed, but not through increased protein synthesis. A similar result was found for temperature stress 
(Rotundo & Westgate 2009). 
Additionally, there is contradicting evidence about the effect of nitrogen application on seed protein 
composition of soybeans. Some studies have reported an increase in protein concentration of seeds (and a 
decline in oil concentration) with an increase in nitrogen fertilization (Ham, Liener, Evans, Frazier, & 
Nelson, 1975; Nakasathien, Israel, Wilson, & Kwanyuen, 2000).  Other nitrogen fertilization studies have 
found an inconsistent but generally positive relationship between nitrogen fertilization and both protein 
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and oil concentration, responding in a similar manner to yield (Haq & Mallarino, 2005) and a neutral 
response to both protein and oil concentration with increased nitrogen fertilization (Wood, Torbert, & 
Weaver, 1993).   
These studies show that many environmental factors influence protein seed composition including 
temperature, drought and nitrogen availability.  However, the inconsistency of these results show that 
there are other factors besides these stresses which are likely to affect protein and oil content.  For 
example, developmental timing of stress, combinations of stresses, as well as the genotype of the chosen 
variety may all affect the response of protein content in the soybean seed. 
Genes related to high protein in other crops 
Seed protein concentration in soybean is a quantitatively inherited trait (Wilcox, 1985).  A number of 
other QTL in plants for increased protein in seed have been mapped and identified.  A NAC transcription 
factor (NAM-B1) was found to increase nutrient mobilization from the leaves to the grains of wheat 
(Uauy, Distelfeld, Fahima, Blechl, & Dubcovsky, 2006). Two separate events of RNAi constructs 
knocking down NAM transcription factors in wheat showed delayed senescence in the transgenic plants.  
Additionally, reduced nutrient mobilization of Zn and Fe caused a significant decrease in those elements 
within the wheat grain of the transgenic plants, as well as a significant decrease in seed protein content. 
The authors conclude that this ancestral transcription factor increases senescence as well as contributing 
to control of Zn, Fe and protein content in wheat seeds.  In Arabidopsis, another transcription factor, ap2, 
affects seed protein (Ohto, Fischer, Goldberg, Nakamura, & Harada, 2005). Interestingly, ap2 loss of 
function mutations have been shown to increase seed weight as well as total seed protein and total seed oil 
(Jofuku et al, 2005). A GWAS for proteins related to seed storage in rice found associations with SNPs 
near candidate genes related to starch metabolism (P. Chen et al., 2018).  In barley, where seed protein is 
preferred to be high when the seed is used for food and low when the seed is used for malting, there have 
been several studies focused on genes involved in seed protein loading.  Genes expressing proteins which 
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were involved in proper protein folding of hordeins (the seed storage protein of barley) were found to be 
upregulated in high protein barleys (Jakanti et al, 2007) 
Identification of cqProt-003 
The cqSeedProt-003 QTL was first identified by (Diers, Keim, Fehr, & Shoemaker, 1992) on 
chromosome 20, by measuring seed protein in a population derived from crossing Glycine soja PI 468916 
(Siebold and Zucc.) and A81-356022, which is an experimental Glycine max line.  Two hundred fifty-two 
RFLP markers were then used to genotype the population.  This RFLP marker analysis resulted in the 
mapping of a quantitative trait locus (QTL) allele from the G. soja parent with a demonstrated a protein 
increase of 24 g kg -1 on chromosome 20 (previously LG I). Other studies have also found QTL mapping 
to the same region on chromosome 20 and the QTL has been highly studied. (Brummer, Graef, Orf, 
Wilcox, & Shoemaker, 1997; Chung et al., 2003; Xianzhi Wang et al., 2014; Warrington et al., 2015) 
This QTL on chromosome 20 was officially confirmed and designated cqProt-003 by Nichols et al. 
(2006) where it was narrowed to a 3cM region between markers Satt239 and ACG9b.  Chung et al. (2003) 
identified a high protein QTL in the same region as cqProt-003 but from a different high protein source 
(PI 437088A), while Warrington et al. (2015) identified a QTL from Danbaekkong on chromosome 20 
which accounts for more than five times the variation of the next largest QTL they identified. Sebolt et al. 
(2000) tested the cqProt-003 QTL allele from G. soja (PI 468916) in three other genetic backgrounds and 
found that it increased the protein concentration in two of those three backgrounds demonstrating that the 
allele can increase protein concentration across genetic backgrounds and environments. The third 
population may have already had the allele causing the high protein phenotype which explains the lack of 
an increase in protein (Sebolt et al., 2000). 
Fine mapping and attempts to identify the cqProt-003 causative variant 
Further studies were conducted to narrow the region that cqProt-003 was mapped to on chromosome 20, 
fine map it, and identify candidate genes. The genomic region associated with the high protein QTL on 
8 
 
chromosome 20 was reduced through the use of SSR markers to a physical distance of 8.4Mbp between 
markers Sat_174 and ssrpqtl_38(Bolon et al., 2010). (Bolon et al. (2010) also performed a transcriptomics 
microarray analysis during seed fill and identified 13 candidate genes within that region.  A genome-wide 
association study (GWAS) using the SoySNP50K (Song et al., 2013) further narrowed the region to a 2.4 
Mpb region of the genome (Hwang et al., 2014). There are six annotated candidate genes located within 
this 2.4 Mpb genomic region.  Hwang et al. (2014) found 40 SNPs which had a significant association 
with seed protein concentration, 12 of which were in complete LD with one another, measured as D’, and 
were located in the 27.8-30.0 Mpb region of Gm20.  Five of these 12 had the highest association with 
seed protein content.    Vaughn et al. (2014) conducted another GWAS where the genomic region 
identified was about 1Mbp, (30.9-31.9 Mbp).  This region is outside of the smaller region designated by 
Hwang et al. (2014), but within the region mapped by Bolon et al. (2010). In the other three populations 
studied in Vaughn et al. (2014) a significant association was not found at this region.  An additional 
GWAS on the entire USDA soybean germplasm collection identified 19 significant associations for 
protein (Bandillo et al., 2015) many of which were located on chromosome 20 in the region identified by 
Bolon et al. (2010). Bandillo et al. (2015) places the candidate QTL at the 30.7-33.1 Mbp interval.  
Phansak et al. (2016) used a selective genotyping strategy to QTL for protein and oil and mapped QTL to 
the cqProt-003 interval from multiple populations.  Selective genotyping is a strategy where only the 
individuals with the highest and lowest levels of the phenotype being studied are genotyped for mapping 
(Darvasi & Soller 1992).  Forty-eight female parents with high seed protein and seven male parents with 
standard seed protein were used to perform the selective genotyping. The authors detected protein QTL 
on ten chromosomes. Using this technique, the chromosome 20 QTL cqProt-003 was identified in 
additional genetic backgrounds. Another GWAS was performed and found seven associated markers on 
chromosome 20 in an 839 kb region within the 1Mb interval previously identified by Vaugh et al., (2014) 
(Lee et al., 2019). This large GWAS used 621 different soybean accessions from maturity groups I-IV. 
These were grown in five different environments for the seed composition data (Lee et al., 2019).    
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Other high protein QTLs have been identified.  There are 248 seed protein QTL which have been 
identified through biparental crosses (Grant et al., 2010, updates on Soybase.org). One or more QTLs 
have been identified on every chromosome in the soybean genome.  Hyten et al. (2004) detected 4 seed 
protein QTL through mapping of a recombinant inbred line (RIL) population between Essex and 
Williams.   
Another high protein QTL was identified through RFLP mapping on the population developed from 
crossing PI 468916 and A81-356022 on chromosome 15, previously linkage group G (Diers et al., 1992).  
This chromosome 15 QTL has been given the official designation cqSeedProt-001(Fasoula, Harris, & 
Boerma, 2004). This QTL was fine mapped to a 535 kb interval on chromosome 15 by Kim et al. (2015) 
using PI 407788A as a source of high protein. While it is not conclusively proved that this is the same 
QTL as was identified by Fasoula et al. (2004), a QTL in the same region is identified by Bandillo et al. 
(2015) which adds evidence the map position determined by Kim et al. (2015). 
 
SOYBEAN CYST NEMATODE 
Soybean cyst nematode is the most devastating pathogen of soybeans 
Soybean cyst nematode (SCN) is the pathogen that causes the highest rate of economic damage to 
soybean (Koenning & Wrather 2010).  Soybean yield loss in the United States has been estimated at 3.1 
million metric tons annually from 2009-2011 (Bradley & Koenning 2014).  Estimates from (Allen et al., 
2017) are that SCN causes twice as much yield loss than other pathogens.  Hartman et al. (2015) has 
placed this loss at approximately 11% of total yield of soybeans. 
SCN was first identified in the United States in 1954 in North Carolina (Winstead, Skotland, & Sasser, 
1955) where it was believed to have been introduced from Asia, perhaps from the importation of soil to 
introduce Bradyrhizobium japonicum that was needed to form nitrogen fixing nodules on soybeans (Davis 
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& Tylka, 2000). SCN has spread to many countries since its identification in 1954 despite an unsuccessful 
federal quarantine in 1957, which was subsequently lifted in 1972 (Davis & Tylka, 2000). While SCN is 
now in almost every soybean producing county, an additional 37 counties, primarily in North Dakota, 
were identified as containing SCN between 2014 and 2017 (Tylka & Marett, 2017).  SCN has also been 
present in Brazil since the 1990s (Mitchum, 2016), is found in China (Peng et al., 2016, Wang et al., 
2015) and has also been reported in Canada (Peng et al., 2014). 
Life cycle of SCN 
SCN is a plant-parasitic microscopic roundworm that is an obligate endoparasite. Its host plants include 
soybean, and other legume crops such as cowpea and common bean.  They can also fully reproduce on a 
number of weed species (Johnson et al., 2008, Venkatesh et al., 2000). The lifecycle of SCN is described 
in Lauritis, Rebois, and Graney (1983). SCN hatch from their eggs as a second stage juvenile (J2).  The 
first molt occurs before the nematodes hatch.  The nematodes are triggered to break dormancy and hatch 
from their eggs by one of three triggers: temperature, host plant exudates, or elapsed time (Yen et al 
1995).  J2 nematodes migrate to the roots and enter the vascular tissue of the root aided by a number of 
hydrolytic enzymes that degrade the components of plant cells walls including polysaccharides, cellulose 
and hemicellulose (Smant et al., 1998).The nematode secretes these from the esophagus glands (Davis et 
al., 2004).  The J2 nematode secretes additional specialized effector proteins (nematode effector proteins 
reviewed in Gheysen & Mitchum, 2011) that induce morphological changes in the cell of the soybean, 
recruiting them into a feeding cell called a syncytium (Niblack, 2005).  The syncytium’s morphological 
changes include an increase in cytoplasmic density and nuclear size (de Almeida Engler et al., 1999) and 
they are formed through degradation of neighboring cell walls, not mitotic activity (Kyndt et al., 2013).  
The J2 becomes “sausage-stage” and continues feeding in the syncytium as it continues to go through its 
molt stages.  Male nematodes return to their vermiform shape and leave the plant root, while females 
swell further into the lemon-shaped cyst and remain sedentary, beginning to emerge from the roots after 
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egg growth.  Mating is obligately sexual and takes place between the sedentary female nematodes and the 
motile males (Niblack, 2005). 
The female nematodes become filled with eggs, but also lay eggs in a gelatinous matrix on the outside of 
their body.  The female nematodes produce eggs which range from 40-600, averaging 200 eggs per 
female nematode.  The sedentary lemon shaped females harden into cysts which are darker in color. The 
female hardened cysts can overwinter providing inoculum for the following growing season (Niblack, 
2005). 
Control of SCN 
SCN is primarily controlled through crop rotation to non-host crops and the use of resistant germplasm.  
While there have been new discoveries in chemical control of SCN, nematicides such as fluazaindolizines 
remain unfeasible due to their off-target toxicity and environmental issues (Lahm et al., 2017).  It has also 
been suggested that biocontrol of SCN may be efficacious in the future.  Zhou et al. (2017) found that the 
application of three rhizobacteria strains as a seed coating treatment was useful in reducing the 
reproduction rate of SCN.  Rhizobia has also been tested for its ability to control soil fungal diseases (Das 
et al., 2017).  Another biocontrol mechanism that has been suggested is the use of arbuscular mycorrhizal 
fungi (AMF) (reviewed in (Schouteden, Waele, Panis, & Vos, 2015)). Suggested hypothesis include a 
direct competition for nutrients between SCN and AMF, altered interactions with rhizobia, increased 
plant tolerance and induced systemic resistance (Schouteden et al., 2015)  
While the use of biocontrols or nematicides may be useful in the future, the primary way to control SCN 
is through the use of resistant germplasm. The USDA germplasm collection was screened in many studies 
to identify sources of SCN resistance.  Anand et al. (1988) identified only PI 437654 to be resistant to all 
populations (then races) of nematodes. PI 437654 was later confirmed to be resistant to 5 populations 
tested (then races) as well as PI 438489B by Diers et al. (1997).  Of the north central United States 
soybean cultivars which have resistance to SCN 95% are derived from from PI 88788 and the remaining 
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5% have resistance from Peking or PI 437654 (Mitchum, 2016).  Because of the limited source of 
resistance being used, and the widespread nature of soybean production, nematode populations are 
adapting to overcome these resistant sources (Mitchum, Wrather, Heinz, Shannon, & Danekas, 2007) It 
has been shown that 70% of the soil samples containing SCN from Illinois fields contain populations of 
SCN that could overcome the resistance derived from PI 88788 (Niblick et al., 2008).  An increase in 
virulence of SCN and decrease of soybean yields of resistant varieties has been shown in Iowa, from 
2006-2015 (McCarville, Marett, Mullaney, Gebhart, & Tylka, 2017).  
Resistance genes for other endoparasitic root nematodes 
There are two types of endoparasitic root nematodes: root-knot nematodes and cyst nematodes.  Several 
genes have been identified and cloned for resistance to these pathogens.  Resistance to beet cyst nematode 
(Heterodera schachtii) is conferred through Hs1pro-1 (Cai et al., 1997). Hs1pro-1 contains a leucine rich 
repeat (LRR) and a transmembrane domain, but is not considered a member of the canonical nucleotide 
binding site - leucine rich repeat (NBS-LRR) class of resistance genes. Resistance is conferred through a 
cis regulatory element upstream from the transcription start site. Additionally, expression of Hs1pro-1 is 
only induced in the feeding-site, and after nematode infection (Thurau, Kifle, Jung, & Cai, 2003). 
Resistance to Globodera rostochiensis, a cyst nematode that disrupts Solonaceae cultivation, is conferred 
through Gro1-4.  Gro1-4 is a canonical resistance gene, Toll-interleukin receptor (TIR), nucleotide-
binding (NB), leucine-rich repeat (LRR) (Paal et al., 2004). Resistance to potato cyst nematode 
(Globodera rostochiensis) is conferred through a canonical NBS-LRR, Hero, which has a unique 
microsatellite in the LRR region (Ernst et al., 2002). A resistance gene to potato cyst nematode 
(Globodera pallida) has been cloned as well.  In potato, Gpa2 is a leucine-zipper, nucleotide-binding site, 
leucine-rich repeat (LZ-NBS-LRR) with a high degree of homology to other NBS-LRRs in the same 
region.  The sequence diversity between these resistance genes is in the LRR region (van der Vossen et 
al., 2000).  Interestingly, Cf-2, a nematode resistance gene cloned from tomato, provides resistance to 
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both Globodera rostochiensis as well as a leaf mold fungus Cladosporium fulvum through an unknown 
function (Lozano-Torres et al., 2012). 
Tomato resistance to 3 species of root-knot nematode (Meloidogyne) is conferred by Mi-1 (below 28C) 
and a homolog Mi-9 (above 28C). Mi-1 and the heat stable homolog Mi-9 are coiled-coil (CC)-NBS-
LRRs (Jablonska et al., 2007). Both of these are canonical resistance genes, TIR-NBS-LRR and CC-
NBS-LRR.  Prunus species are resistant to root-knot nematodes conferred by Ma, from Myrobalan plum. 
Ma confers a resistance to all the major root-knot nematode species that affect prunus species, in addition 
to an unclassified population from Florida that overcomes commonly used sources of resistance from 
other prunus species.  Ma is a TIR-NBS-LRR as well as containing a post-LRR repeated sequence which 
is necessary to confer resistance (Claverie et al., 2011). 
Cloned resistance genes for SCN 
There are multiple QTL which control soybean cyst nematode resistance in soybean (reviewed in 
(Concibido, Diers, & Arelli, 2004) Rhg1 (from PI 88788) is the most well-known and studied along with 
Rhg4.  Resistance is manifested through a hypersensitive response that causes the death of the syncytium 
feed site (Niblack et al., 2006). PI 88788, the source of SCN resistance for most soybean lines, has 
resistance from the rhg1-b allele of Rhg1.  Resistance from PI 548402 (Peking) is conferred from the 
rhg1-a allele of Rhg1.  The rhg1-a allele requires the addition of Rhg4 to confer effective resistance 
(Meksem et al., 2001). Both the rhg1 alleles was found to be the result of copy number variation of a 31 
kb cassette which is present in only one copy in the susceptible accessions, but is present in three copies 
in Rhg1-a and many more copies for the Rhg1-b resistant accessions (Cook et al., 2012).  The 31 kb 
segment contains three genes, an alpha-SNAP [soluble NSF (N-ethlamalemide-sensitive factor) 
attachment protein], an amino acid transporter and a wound-inducible domain protein, but no canonical 
resistance LRR genes (Cook et al., 2012).  Mechanisms for how the amino acid transporter and the 
wound-inducible protein contribute to SCN resistance are not currently known. 
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When the Rhg1 31 kb segment was further analyzed it was found that the copy number variation (CNV) 
ranged from 2-10 copies of the 31 kb segment.  Additionally, it was found that there are four different 
sub-types of the 31 kb segment which also contributed to resistance (Lee et al., 2015). Some of the 
identified variation was in the amino acid sequence of the alpha-SNAP protein, at the C-terminus (Lee et 
al., 2015; Cook et al., 2014).  Bayless et al. (2016) showed that the resistant version of the alpha-SNAP 
protein accumulated in the syncytia of the resistant Rhg1 plants, and was toxic to the plant cells 
There are two separate categories of resistant varieties. Low copy number accessions which have less than 
three copies of the repeat unit, and high copy accessions which have four or greater copies of the repeat 
unit (Cook et al., 2014). There were four sub-types of the repeat unit identified by Lee et al., (2015); W, 
P, FA and FB. Rhg1 with the P type (the Peking type repeat block), confers stronger resistance to some 
nematode populations than the other repeat types. However an advantage was shown for all repeat types 
(Yu, Lee, Rosa, Hudson, & Diers, 2016). 
Rhg4, the secondary SCN resistance gene in soybeans that was mapped to chromosome 8 in Peking, has 
been cloned from the Forrest cultivar, which has resistance derived from Peking, and adds additional 
resistance to the Rhg1 resistance allele that is also from Peking. Rhg4 has been identified as a serine 
hydroxymethyltransferase (SHMT).  This enzyme is involved in single carbon metabolism, the 
conversion of serine and glycine. Rhg4 has 5 SNVs and 2 insertions/deletions differences between the 
resistant and the susceptible alleles, that result in a single amino acid change in the putative peptide 
sequence. This amino acid change is thought to have a functional change on the enzyme, SHMT (Liu et 
al., 2012). To assist in identifying resistance from susceptible lines, Shi et al. (2015) developed SNP 
markers for the Rhg4 locus.  
Rhg4 has been shown to increase resistance for plants that had the P type Rhg1, but does not increase 
resistance for the other subtypes (Yu et al., 2016).  Recent evidence of epistatic interactions between 
Rhg4 and Rhg1 alleles show that there is also copy number variation of a 35.7 kb unit at the Rhg4 locus 
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(Patil et al., 2019). Furthermore Patil et al. (2019) also report that Rhg4 conferred more resistance as the 
copy number of the Rhg4 repeat unit increased (similar to Rhg1), and haplotype and copy number 
requirement of Rhg4 to confer resistance varied on the haplotype and copy number of the Rhg1 locus 
(Patil et al., 2019). 
CqSCN-006 and cqSCN-007 
Wang, Diers, Arelli, and Shoemaker, (2001) identified two additional QTL from PI 468916 that confer 
SCN resistance. CqSCN-006 was identified on chromosome 15 and explained 23% of SCN resistance 
variation in the mapping population.  On chromosome 18, cqSCN-007 was mapped and this QTL 
explained 27% of the variation in the population. Kabelka, Carlson, and Diers (2005) mapped CqSCN-
007 on chromosome 18 to an 18.5 cM interval and cqSCN-006 on chromosome 15 to a 13.2 cM interval. 
Both cqSCN-007 and cqSCN-006 were also found to increase the resistance that was conferred by Rhg1 
when stacked together (Kim et al., 2011). 
CqSCN-006 was mapped to an 803.4 kb interval between SSR markers BARCSOYSSR_15_886 and 
BARCSOYSSR_15_903 (Kim & Diers, 2013).  CqSCN-006 was also shown to have a dominant gene 
action (Kim & Diers, 2013).  CqSCN-006 was then furthered fine mapped between markers between 
markers ss715621232 and ss715621239 by Yu and Diers (2017) to a physical 212.2 kb region which is 
located on chromosome 15. This corresponds to bases 20,483,171 to 20,695,319 on Wm82.a2 chr 15 
(Schmutz et al., 2010, updates on soybase.org).   
SSR markers were used to fine map CqSCN-007 to between markers BARCSOYSSR_18_1669 and 
BARCSOYSSR_18_1675 (Kim and Diers, 2013). The physical distance between these markers is 146.5 
kb.  In the same study, Kim and Diers (2013) also showed an additive gene action of cqSCN-007. Further 
fine mapping was performed by Yu and Diers (2017). Using both the SSR markers as well SNP markers 
from the SoySNP50K array (Song et al., 2010, 2013) cqSCN-007 was narrowed down further to between 
markers BARSOYSSR_18_1669 and ss715631888. This interval corresponds to a physical distance of 
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103.2 kb on chromosome 18 of the Williams 82 reference sequence. This physical location is at bases 
53,221,056..53,324,306.   
Several studies have been performed that link SCN resistance to reduced yields when grown without 
disease pressure. SCN resistant soybean cultivars have been estimated to have lower yields than 
susceptible varieties (5-10%) when grown without the presence of SCN (Noel, 1992); 161 kg ha -1 less on 
average when compared to susceptible in field trials in Minnesota in the growing season of 1999 (Chen et 
al., 1999).  Mudge et al. (1996) mapped two yield depression loci that reduced yield 269 kg ha -1 and 632 
kg ha -1 near the Rhg1 locus.  Kopisch-Obuch, McBroom, and Diers (2005) also found alleles that reduced 
yield that were linked to SCN resistance loci. Despite this, Kabelka, Carlson, and Diers (2006) found both 
cqSCN-007 and cqSCN-006 had no negative effect on yield in multiple environments of testing in both 
high and low levels of SCN infestation, and up to a 6% greater yield was found in the presence of the 
resistance alleles from PI 468916 in some environments (Kabelka et al., 2006).   
SNAP proteins and vesicle trafficking 
The alpha-SNAP protein is involved in endomembrane vesicle fusion.  The alpha-SNAP is an adaptor 
protein that, with the NSF and ATPase, recycle the 20s SNARE  (soluble NSF attachment protein 
receptor) complex after vesicle trafficking has taken place. When the SNARE complex is disassembled 
the individual SNARE proteins can reform into the next SNARE complex so that there can be another 
round of vesicle trafficking (Sollner et al., 1993).  
There are three types of SNAP protein: alpha-SNAP, beta-SNAP and gamma-SNAP.  They are all 
involved in intracellular membrane fusion and vesicle trafficking.  The beta-SNAP, which performs the 
same SNARE disassembly function as the alpha-SNAP and gamma-SNAP, is a SNAP isoform that is 
only expressed in the brain of mammals (Whiteheart et al., 1993; Nishiki et al., 2001).  The gamma-
SNAP does not bind to the same SNARE proteins as the alpha SNAP (Tani et al., 2003). While the alpha-
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SNAP and beta-SNAP both bind to a wide range of SNARE proteins (Sudlow et al., 1996), the gamma-
SNAP only binds to a limited number of SNARE proteins (Inoue et al., 2015) 
Vesicle trafficking for plant immunity 
While endomembrane vesicle trafficking proteins are not canonical R genes (NBS-LRR), they have been 
implicated in plant immunity (Yun et al., 2017). The first identified instance of a vesicle trafficking 
protein being utilized as a resistance protein is a SNARE found in both Arabidopsis thaliana and barley 
that groups locally where there is fungal penetration into the cell and confers resistance to fungal 
pathogen species (Collins et al., 2003). Since then a number of other proteins from the endomembrane 
vesicle system have been implicated in plant disease resistance. Most of the identified genes have 
conferred resistance to fungal pathogens. These have been identified in A. thaliana (Kwon et al., 2008; 
Uemura et al., 2012) wheat (Liu et al., 2016; Xiaodong Wang et al., 2014) and rice (Bao et al., 2012; 
Sugano et al., 2016). However, endomembrane vesicle trafficking proteins have also been identified that 
confer resistance to the bacterial pathogen Psuedomonas (Kalde, Nühse, Findlay, & Peck, 2007; X. Zhang 
et al., 2011),  and an oomycete (Kwon et al., 2008).  To date, the alpha-SNAP in Rhg1 is the only source 
of nematode resistance that has been identified from the endomembrane vesicle trafficking system. 
Mechanism for alpha-SNAP mediated SCN resistance 
The resistance mechanism of the Rhg1 alpha-SNAP has been shown to be an incompatible interaction 
between the alpha-SNAP and the NSF protein.  The alpha-SNAPs that are translated from the resistant 
repeat structures at Rhg1 are not able to perform their duty in SNARE recycling and disrupt vesicle 
tracking.  Levels of the alpha-SNAP protein that are translated from the resistant repeat structures 
hyperaccumulate during the resistance response in the feeding site and cause cytotoxicity (Bayless et al., 
2016).    
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In this thesis, genomic methods are used to identify the causative genes underlying seed protein 
concentration and nematode resistance. A combination of sequenced fosmids and whole genome 
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CHAPTER 2: MOLECULAR CHARACTERIZATION OF THE NOVEL SCN 
RESISTANCE QTL CQSCN-006 
 
INTRODUCTION 
Glycine soja is the wild ancestor of Glycine max, soybean. Because G. max and G. soja only differ at 
0.31% of nucleotides (Kim et al., 2010), have the same chromosomal number and can be crossed easily, 
G. soja can be used as a source of novel genes for economically important traits.  These can be identified 
and used in a breeding program to improve elite soybean lines.  A QTL which improves yield from a G. 
soja accessions was successfully bred into G. max by Concibido et al. (2003), however an improvement 
in yield was not seen when the QTL was introduced in the elite soybean lines. G. soja was successfully 
used as a source of salt tolerance by Nguyen et al. (2009) who were able to use an allele from PI 483563, 
a G. soja accession.  Because PI 468916 is an accession of Glycine soja which contains two QTL for 
resistance to SCN the isolation and introgression of these resistance alleles has the potential to improve 
soybean yields. 
CqSCN-006 was identified in PI 468916 as a source of SCN resistance explaining 23% of the variation 
for SCN resistance (Wang et al., 2001).  Backcrossing confirmed the position of cqSCN-006 to a 13.2 cM 
interval on chromosome 15 (Kabelka et al., 2005). While other SCN resistance QTL have reduced yield 
when there is low disease pressure (Kopisch-Obuch et al., 2005), cqSCN-006 was not found to have a 
negative yield association (Kabelka et al., 2006). Breeding efforts mapped cqSCN-006 to an 803.4 kb 
interval between SSR markers BARCSOYSSR_15_886 and BARCSOYSSR_15_903 (Kim & Diers., 
2013).  Kim and Diers (2013) also showed that cqSCN-006 exhibits a dominant gene action.  When Kim 
et al. (2011) developed populations that combined cqSCN-006 with other sources of SCN resistance 
(cqSCN-007, Rhg1 and Rhg from PI 437654, and Rhg1-b from PI 88788) an increase in SCN resistance 
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was found when cqSCN-006 was added with cqSCN-007 to rhg1-b from PI 88788 the most utilized 
source of SCN resistance (Mitchum, 2016). 
CqSCN-006 was then further fine mapped to a region of 212.2 kp located on chromosome 15 between 
markers ss715621232 and ss715621239 (Yu & Diers 2017).  Markers used for this fine-mapping were 
taken from the Illumina Infinium BeadChip genotyping array SoySNP50K as well as simple sequence 
repeat markers (SSR), the BARCSOYSSR markers (Song et al., 2010, 2013).  The distance between the 
markers ss715621232 and ss715621239 corresponds to physical position 20,483,171 to 20,695,319 on 
Wm82.a2 Chr 15 (Schmutz et al., 2010, updates on soybase.org).   
SCN is the most devastating pest of soybeans (Hartman, 2015).  The spread of SCN into almost of all the 
soybean growing counties in the U.S. (Tylka & Marret 2017), and an overreliance on a single source of 
resistance from PI 88788, has caused selection pressure on SCN populations. Of the soybean lines which 
have SCN resistance 95% of them have resistance derived from the Rhg1 locus of PI 88788.  The 
remaining lines have resistance from PI 437654 or Peking (Mitchum, 2016).  This selection pressure has 
caused SCN populations to begin to shift and begin to overcome this resistance to be able to grow on 
resistant plants (Mitchum, 2007).  When sampling soil from soybean fields in Illinois, 70% of these 
samples were found to contain SCN populations that were able to grow on soybean accessions that had 
resistance which was derived from PI 88788 (Niblack et al., 2008). Identifying and cloning new sources 
of SCN resistance for breeding SCN resistant soybean would be a valuable contribution to soybean 
breeding and production. 
Vesicle trafficking has been implicated in plant immunity (Gu, Zavaliev, & Dong, 2017).  Interactions 
between pathogen effectors and plant vesicle trafficking related proteins can cause a resistant response 
(Kwon et al., 2008). The SNARE complex, along with the SNAP and NSF proteins (which dissociate the 
SNARE complex after membrane fusion) has specifically been heavily implicated in SCN resistance 
(Cook et al., 2012).  The interactions between the alpha-SNAP and NSF proteins are impaired in the 
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resistant plant causing the resistant interaction (Bayless et al., 2016). The gamma-SNAP proteins have not 
been implicated in disease resistance at this time, but are also involved in disassembly of the SNARE 
complex after membrane fusion (Inoue et al., 2015). 
There are five annotated genes within this region, three of which have functional annotations. In this 
chapter, examination and cloning of regions of the interval which the novel resistance QTL cqSCN-006 
has been mapped to will be discussed. 
 
RESULTS 
Candidate genes within the reference genome interval for cqSCN-006 
Genes which are annotated on the reference genome pseudomolecule as lying within the genetically 
defined cqSCN-006 interval were outlined, along with their functional annotations, in Fliege (2015).  An 
updated review of these genes from the second assembly of the soybean genome reference genome, 
W82a2v1 (Schmutz et al., 2010; updates via soybase.org) is presented here. Additional information 
regarding publicly available expression data is also presented.  Complete functional annotations are listed 
in Table 3.1. 
Glyma.15G191000 is annotated as being on the forward strand of chromosome 15 at physical position 
20,491,411..20,492,224. The predicted protein encoded by Glyma.15G191000 contains no functional 
annotations.  As annotated, Glyma.15G191000 contains one exon and no introns as well as a 5’ and 3’ 
UTR sequence.  The GeneAtlas expression data from the Phytozome.jgi.doe.gov JGI Flagship Plant Gene 
Atlas (unpublished) shows a high level of expression in leaf.nitrate samples, leaf.urea samples, and 
leaf.symbiotic condition sample as well as the root sample. The leave.nitrate and leaf.urea samples are 
samples where the nitrogen source is nitrate and urea respectively, while the leaf.symbiotic condition 
sample is the leaf tissue while the plant was under symbiotic conditions. 
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Glyma.15G191100 is annotated as being on the forward strand at physical position 20,567,444 to 
20,568,180.  Glyma.15G191100 contains no functional annotations in the predicted protein sequence or 
annotated introns.  The GeneAtlas expression data from the Phytzome.jgi.doe.gov JGI Flagship Plant 
Gene Atlas (unpublished) shows a high level of expression in both the unopened and open flower samples 
(flower.unopen, flower.open). 
Glyma.15G191200 is annotated as being on the forward strand of chromosome 15 at physical position 
20,628,838 to 20,636,168 on chromosome 15.  There are 5 functional annotations in the predicted peptide 
sequence encoded at this locus (Table 2.1).  These functional annotations all correspond to vesicle 
trafficking and SNAP (Soluble NSF attachment protein). As annotated, Glyma.15G191200 contains 9 
exons and 8 introns.  The GeneAtlas expression data shows that it has high expression in the 
leaf.symbiotic condition and the leaf.urea samples as well as the root samples. 
Glyma.15G191300 is annotated as being on the forward strand on chromosome 15 at physical position 
20,686,599..20,686,877. The predicted peptide encoded by Glyma.15G191300 contains two functional 
annotations, BED finger related (Table 2.1).  There is no expression data available on 
phytozome.doe.jgi.edu for Glyma.15G191300. 
Glyma.15G191400 is annotated as being on the forward strand of chromosome 15 at physical position 
20,687,168..20,688,741.  There are 5 functional annotations for the putative peptide sequence encoded by 
Glyma.15G191400 which are primarily involved in protein interactions with DNA (Table 2.1).  As 
annotated Glyma.15G191400 has 5 exons and 4 introns, however no 5’ or 3’ UTR sequences.  
Glyma.15G191400 is not expressed in any of the samples from the GeneAtlas expression data. 
Whole Genome Sequence and fosmid screening of PI 468916 
The SCN resistance allele from cqSCN-006 was previously introduced into G. max from G. soja 
accession PI 468916.  A whole genome sequence (WGS) of PI 468916 was generated using paired-read 
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Illumina technology and assembled de novo (Fliege 2015) to identify genomic sequence and structural 
changes between PI 468916 and the susceptible reference Williams 82 (Schmutz et al., 2010).  
Additionally, cloned fosmids from a fosmid library generated from PI 468916 (Fliege, 2015) were used 
along with the WGS to identify any major structural variation in cqSCN-006.  Cloned fosmids and major 
WGS scaffolds are shown in their relative positions on Williams 82 (Figure 2.1)  
Sequence analysis of Glyma.15G191200 
Because Glyma.15G191200 is annotated as a gamma-SNAP, and the alpha-SNAP is implicated in PI 
88788-derived SCN resistance at the Rhg1 locus (Cook et al., 2012; Lee et al., 2015; Bayless et al., 2016), 
Glyma.15G191200 was chosen as the most likely candidate for the source of SCN resistance in cqSCN-
006 locus. The sequence of Glyma.15G191200 was examined to determine if there could be any sequence 
changes that could be the causative source of the SCN resistance that has been mapped to cqSCN-006. 
Whole genome sequence scaffolds and cloned sequenced fosmids from PI 468916 align to the physical 
position where Glyma.15G191200 is annotated on the Williams 82 reference genome, as well as the 
flanking intergenic sequence.  
Comparison between these sequences (PI 468916 and Williams 82) for Glyma.15G191200 revealed just 
one single nucleotide variant (SNV) within an exon.  This SNV is synonymous, resulting in no change in 
the predicted protein coding sequence. However, multiple SNVs were identified between PI 468916 and 
Williams 82 which were located in the putative regulatory region upstream of Glyma.15G191200 and 
within the introns of Glyma.15G191200.  No SNVs were found to be at putative splice sites, which could 
have caused abnormal or non-functioning proteins to be translated (Figure 2.2). One upstream SNV in the 
putative regulatory region is of particular interest.  This transition, a G>A mutation, was found to cause a 
new potential GATA transcription factor binding site (Butler, Fliege, Diers, Hudson & Bent, n.d.) that 




Alternate Splicing of Glyma.15G191200 
An examination of publicly available soybean RNA-Seq data on Phytozome.doe.jgi.gov (Goodstein et al., 
2012) indicated the presence of RNA reads mapping to the fifth and sixth intron of Glyma.15G191200, 
although no alternative splice forms were annotated (Figure 2.3).  The publicly available data shows reads 
from transcripts with intron retention of intron 5 (Glyma.15G191200.2), and to a smaller extent intron 6 
(Glyma.15G191200.4) of Glyma.15G191200.  These instances of intron retention were then further 
investigated using an Illumina RNA-Seq dataset kindly provided by Usawadee Chaiprom (Miraeiz et al., 
2019). 
This Illumina RNA-Seq dataset contained replicated samples of entire roots from PI 468916 and Williams 
82 grown under controlled conditions either without nematodes, or 8h post inoculation with infective J2 
SCN.  Reads were mapped to the introns to ascertain if intron retention could be identified.  Uniquely 
mapping reads were found in significant amounts to each of the introns in Glyma.15G191200 (Figure 
2.3).  These data suggest that there is retention of intron 5 (Glyma.15G191200.2) and to a lesser extent 
intron 6 (Glyma.15G191200.4) both in infected and uninfected tissue (8 hours post infection) in both the 
resistant and susceptible genotypes (PI 468916 and Williams 82). However, the data at 8 hours post 
inoculation did not indicate a statistically significant change in expression between the infected and 
uninfected plants of either genotype. 
Based on the result that this protein contained a coding sequence variant and possibly expression changes, 
together with a collaborating group, to assays were developed to further test these alternate splice forms 
(Butler et al., n.d.). Genetic knockout of Glyma.15G191200 using CRISPR/Cas9 was sufficient to 
significantly reduce the nematode resistance of the line carrying this QTL in transgenic roots.  (Butler et 
al., n.d.). In this study, expression of the alternate splice forms outlined above (Glyma.15G191200.2 
Glyma.15G191200.4) were also measured with and without SCN in both resistant and susceptible lines at 
two and five days after infection.   These alternative splice forms were identified in both susceptible and 
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resistant accessions, and differential expression between susceptible and resistance roots was observed at 
the SCN infections sites (Butler et al., n.d.). 
 
DISCUSSION 
Soybean cyst nematode is the most devastating pest of soybeans. Locating new sources of resistance to 
SCN is necessary for continued high production of soybeans.  cqSCN-006 on chromosome 15 has been 
fine mapped to a 212.2 kbp region (Yu & Diers 2017) and accounts for 23% of resistance to SCN in PI 
468916 (Wang et al., 2001).  Although Glyma.15G191200 is a gamma-SNAP and is not a canonical 
disease resistance gene such as an NBS-LRR, it is the most likely candidate gene for causing SCN 
resistance in cqSCN-006 due to the involvement of the alpha-SNAP in another source of SCN resistance, 
Rhg1 (Cook et al., 2012; Bayless et al., 2016). The alpha-SNAP and the gamma-SNAP are both involved 
in the dissociation of the 20s SNARE complex for vesicle trafficking (Inoue et al., 2015).  While no 
completely compelling evidence was found that proved that Glyma.15G191200 is the causative allele of 
SCN resistance in cqSCN-006, there are genomic sequence changes which indicate the potential 
Glyma.15G191200 to be the causative allele.  
The presence of alternate splice forms found in the RNA-Seq dataset was very interesting.  There was no 
significant differences in intron retention of either intron five or six in either the uninoculated versus the 
inoculated or the resistance PI 468916 versus the susceptible, in this experiment; however, other time 
points may show such differences.  Earlier or later expression of these alternate splice forms after 
inoculation of SCN may cause a resistance response.  The RT-PCR experiments performed by our 
collaborating group have timepoints at two and five days after infection, which may be more appropriate 
for this experiment, and should be considered further. While there has not been much research done on 
alternate splicing in soybean or other legumes, there may be alternate forms of many genes which have 
impacts on the function of these gene products, either through a completely dysfunctional protein or 
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creating new functions. While there are no experiments that show expression of Glyma.15G191200, the 
publicly available RNA-Seq dataset from the JGI Plant Atlas shows that the expression of 
Glyma.15G191200 is high in roots. This expression of Glyma.15G191200 in roots indicates that it may 
have a function. This further shores up our hypothesis that Glyma.15G191200 is the causative allele of 
SCN resistance in the cqSCN-006 locus. 
Additionally, genomic changes in the putative regulatory region upstream of Glyma.15G191200 could 
cause differences in gene expression between the Williams 82 and the PI 468916 resistant accession.  The 
upstream SNV may cause differences in transcription factor binding between the resistant and susceptible 
accessions.  The SNVs located within the introns of Glyma.15G191200 could also have a regulatory role 
which is not yet known. Furthermore, it has been shown that nematodes manipulate the plant 
transcriptionally within their feeding cells (Gheysen & Mitchum, 2011).  Within these syncytia 
transcription factors which are involved in plant development have been found to be upregulated.  It is 
possible that new regulatory sites introduced within the upstream region of Glyma.15G191200 could 
influence the ability of the nematode to co-opt this pathway.  
Disruption of the endomembrane system is potentially important for pathogen resistance. Nematode 
associated membrane patterns (NAMPs) are molecules produced by the pathogen that are recognized by 
the plant pattern recognition receptors (PRRs).  These PRRs can cause many downstream defenses 
through NAMP-triggered immunity (NTI) such as callose buildup, oxidative bursts, and the 
hypersensitive response (Ingle et al., 2006). To combat these basal defenses, nematodes can inject 
effectors into the host plant that interfere with host plant signaling, which can in turn be recognized by the 
plant, reviewed in Ali et al. (2018). These effectors, sometimes localized to the nuclei, can manipulate the 
host plants’ functions by suppressing or activating transcription of defense related genes. In canonical 
host plant resistance membrane bound LRR resistance genes further perceive these nematode (or other 
pathogens) effectors and generate the hypersensitive response and cell death (Ali et al., 2018). 
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The endomembrane trafficking system has more recently been implicated in host plant resistance. The 
first identified instance of endomembrane trafficking being implicated in plant disease resistance is from  
Collins et al. (2003) in which a SNARE protein, which is localized to the plasma membrane, was shown 
to have increased numbers at the sites of fungal penetration. Because there have been many instances of 
endomembrane vesicle trafficking proteins that are implicated in disease resistance (Yun et al., 2017), and 
the heavy implication of the alpha-SNAP at Rhg1 in SCN resistance, it is therefore very likely that the 
gamma-SNAP is the cause of SCN resistance at cqSCN-006. 
The other genes annotated as being within the markers bordering the cqSCN-006 have no sequence 
information available from the resistant PI 468916. While more work is needed to be done to sequence 
these regions, their lack of functional annotations and expression data make them less likely to be 
considered as candidates for causing SCN resistance in cqSCN-006. 
To conclusively prove that the gamma-SNAP in cqSCN-006 is the cause of SCN resistance further work 
would need to be done.  Additional experiments with hairy roots transgenics could determine time points 
where the resistant gamma-SNAP and any alternate splice forms are being expressed.  Ultimately, 
CRISPR/Cas9 could be used to quickly add additional resistance to elite lines and improve soybean yields 
throughout soybean growing counties that have SCN infestation. 
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MATERIALS AND METHODS 
Sequence comparison of PI 468916 and Williams 82 
Sequences of WGS scaffolds and isolated fosmids of PI 468916 were compared to the reference Williams 
82 using Geneious 11.1.5 software (Auckland, New Zealand). The sequences from PI 468916 were 
mapped to the reference Williams 82 and visually examined for SNV and structural changes in genic 
regions. 
Candidate genes overview 
Candidate genes within the interval where cqSCN-006 was mapped were analyzed as annotated on 
phytozome.jgi.doe.edu (Goodstein et al., 2011) for the Williams 82 second assembly (Wm82.a2.v1) 
(Schmutz et al., 2010). Exon number and boundaries were used as annotated on phytozome.jgi.doe.gov.  
Functional annotations (Pfam, GO terms, KOG, Panther) were also taken from phytozome.jgi.doe.gov. 
Expression information was used from the JGI Plant GeneAtlas (unpublished). 
Sequence analysis of genes in cqSCN-006 interval 
Individual exons were examined for sequence differences by individually aligning the sequence of the 
reference exon with the PI 468916 sequence and documenting individual nucleotide changes.  The PI 
468916 sequences corresponding to the reference exons including any changes were then translated into 
the putative peptide sequence using the Translate online tool from ExPASY at the Swiss Institute of 
Bioinformatics (SIB).  This predicted peptide sequence from PI 468916 was then compared to the peptide 
sequence of the reference gene using Blast 2 sequences (Altschul et al., 1997). 
Intron retention analysis of Glyma.15G191200 
Reads from an RNA-Seq data set generously provided by Usawadee Chaiprom were uniquely mapped to 
the annotated intron sequences of Glyma.15G191200 using tophat2 (Kim et al., 2013). Reads were then 
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counted using featureCounts in R (Liao et al., 2014). Counts were normalized to create counts per million 




TABLE AND FIGURES 
Table 2.1: Annotated genes within the cqSCN-006 interval. 




Glyma.15G191200 PTHR13768 PANTHER SOLUBLE NSF ATTACHMENT 
PROTEIN SNAP  
PTHR13768:SF2 PANTHER GAMMA-SOLUBLE NSF 
ATTACHMENT PROTEIN 
  PF14938 PFAM Soluble NSF attachment protein, 
SNAP 
  KOG1585 KOG Protein required for fusion of 
vesicles in vesicular transport, 
gamma-SNAP 
  GO:0006886 GO The directed movement of proteins 
in a cell, including the movement of 
proteins between specific 
compartments or structures within a 
cell, such as organelles of a 
eukaryotic cell. 
  PTHR23272 PANTHER BED FINGER-RELATED 
Glyma.15G191400 PTHR23272:SF50 PANTHER SUBFAMILY NOT NAMED  
PF14372 PFAM Domain of unknown function 
(DUF4413) 
  KOG1121 KOG Tam3-transposase (Ac family) 
  GO:0003677 GO Any molecular function by which a 
gene product interacts selectively 
















Figure 2.1: The interval to which cqSCN-006 has been mapped is shown as a black line.  The relative 
positions of cloned fosmids from PI 468916 are shown against the Williams 82 genome as black lines.  WGS 
scaffolds are shown as grey bars.  Genes that are annotated within the interval are shown with arrows 









Figure 2.2:  Gene model for Glyma.15G191200.  UTR are represented as light grey boxes while exons 
are represented as darker gray boxes.  Introns are shown as dark lines.  The two intronic SNVs are 






Figure 4. Reads mapped to introns of Glyma.15G19200. Reads from RNASeq analysis of RNA from uninfected or 8h  
post SCN inoculation root tissue of susceptible (Williams 82) or resistant (PI 468916) soybean plants were uniquely  
mapped the genomic region of the gamma-SNAP gene Glyma.15G19200. (A) Uniquely mapped reads to this region are  
shown as a coverage graph of the genic region. (B) The annotated gene exon/intron borders of Glyma.15G19200 are  
shown as blue bars and lines. Shaded regions indicate where introns map to box plots in (C). (C) Normalized CPM  
(counts per million) of reads as normalized mapping to each intron of the gamma-SNAP gene (box plots shown means,  





Figure 4. Reads mapped to introns of Glyma.15G19200. Reads from RNASeq analysis of RNA from uninfected or 8h  
post SCN inoculation root tissue of susceptible (Williams 82) or resistant (PI 468916) soybean plants were uniquely  
mapped the genomic region of the gamma-SNAP gene Glyma.15G19200. (A) Uniquely mapped reads to this region are  
shown as a coverage graph of the genic region. (B) The annotated gene exon/intron borders of Glyma.15G19200 are  
shown as blue bars and lines. Shaded regions indicate where introns map to box plots in (C). (C) Normalized CPM  
(counts per million) of reads as normalized mapping to each intron of the gamma-SNAP gene (box plots shown means,  




Figure 2.3: Reads mapped to introns f Glyma.15G19200. Reads fr m RNA-Seq analysis of RNA from 
uninfected or 8h post SCN inoculation root tissue of susceptible (Williams 82) or resistant (PI 468916) 
soybean plants were uniquely mapped the genomic region of the gamma-SNAP gene Glyma.15G19200. 
(A) Uniquely mapped reads to this region are shown as a coverage graph of the genic region. (B) The 
annotated gene exon/intron borders of Glyma.15G19200 are shown as blue bars and lines. Shaded regions 
indicate where introns map to box plots in (C). (C) Normalized CPM (counts per million) of reads as 
normalized mapping to each intron of the gamma-SNAP gene (box plots shown means, 25th, and 75th 
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SCN is the most economically devastating pest of soybean and the pathogen that causes that most yield 
reduction (Koenning & Wrather 2010; Hartman, 2015). This endoparasitic nematode is an obligate 
parasite which infects the roots of the soybean plant in the J2 stage and forms a specialized multi nucleate 
feeding cell called a syncitium.  The adult female nematodes continue to feed in the syncitium and are 
fertilized by the motile males. These adult females become the hardened egg filled cysts and serve as a 
source of inoculum for many years (Niblack et al., 2006).   
Since identifying the introduction of SCN in 1954 in North Carolina (Winstead, 1955) it has rapidly 
spread to almost all soybean producing counties (Tylka & Marret 2017).  SCN is managed primarily 
through planting non-host crops and the use of resistant germplasm (Niblack et al., 2006), however an 
over-reliance on a single resistance locus, PI 88788-derived Rhg1, is increasing selection pressure on 
SCN populations (Mitchum, 2016) This is resulting in populations of SCN adapting and beginning to 
overcome the PI 88788-derived Rhg1 resistance (Mitchum et al., 2007).  Niblack et al. (2008) found that 
70% of samples of soil from soybean fields in Illinois contained SCN populations which were able to 
reproduce on soybean accessions that had resistance which was derived from PI 88788. This increase in 
virulence of SCN is causing yield loss on plants with PI 88788 derived resistance (McCarville et al., 
2017).  The continued planting of PI 88788 derived resistant germplasm will likely continue to cause a 




Two SCN resistance QTL were mapped from Glycine soja, a close relative of soybean that can 
genetically cross with soybean, accession PI 468916 by Wang et al. (2001), cqSCN-006 and cqSCN-007.  
One of these QTL that causes resistance to SCN is cqSCN-007 on chromosome 18 and it accounts for 
27% of the variation (Wang et al., 2001).  CqSCN-007 was mapped to an 18.5 cM interval by Kabelka et 
al. (2005).  Like cqSCN-006, cqSCN-007 was found by Kopisch-Obuch et al. (2005) to not have a 
negative effect on yield when disease pressure is low, where other SCN resistance loci have found this 
negative yield effects in some environments. CqSCN-007, along with cqSCN-006, was also found to 
increase the resistance conferred by rhg1 when stacked together (Kim et al., 2011). CqSCN-007 was fine 
mapped by Kim and Diers (2013) using SSR markers to between markers BARCSOYSSR_18_1669 and 
BARCSOYSSR_18_1675 which corresponds to a physical distance of 146.5 kb.  Kim and Diers (2013) 
also showed cqSCN-007 has an additive gene action.  Yu and Diers (2017) then further fine mapped this 
QTL using both the SSR markers as well SNP markers from the SoySNP50K array (Song et al., 2013) to 
an interval between BARSOYSSR_18_1669 and ss715631888 which corresponds to a physical distance 
of 103.2 kb on chromosome 18 of the Williams 82 reference sequence. This physical distance is at bases 
53,221,056..53,324,306.   
Identifying new sources of resistance will be instrumental in breeding to maintain soybean yield gains. 
Glycine soja, as the wild ancestor of Glycine max can be used as a source of novel genes. This has been 
accomplished with a yield QTL (Concibido et al., 2003) and a salt tolerance QTL (Nguyen et al., 2009).  
Likewise, G. soja PI 468916 can be used as a source for these introducing novel SCN resistance genes 
into soybean, G. max.   
There are 11 candidate genes within the 103.2 kb interval of the reference genome where cqSCN-007 is 
mapped, seven of which have functional annotations. In this chapter the sequencing and cloning of these 
genes as well as their potential to be the source of SCN resistance at the QTL cqSCN-007 from PI 468916 




Candidate Genes within the reference genome cqSCN-007 interval 
Genes annotated on the reference genome pseudomolecule as lying within the genetically defined cqSCN-
007 interval were outlined, along with their functional annotations (Fliege, 2015). An updated review of 
this from the W82a2v1 version of the reference genome (Schmutz et al., 2010; updates via soybase.org), 
as well as additional information regarding expression data, is presented below.  Complete functional 
annotations are listed in Table 2.1. 
Glyma.18G244500 is annotated as being on chromosome 18 on the forward strand at physical position 
53,223,323..53,229,990.   The predicted protein encoded at this locus has 9 functional annotations on 
phytozome.jgi.doe.gov which predict a function related to phospholipases and acyl transfer.  As annotated 
it has 11 exons and 10 introns as well as a 5’ and 3’ UTR sequence.  The expression data on the publicly 
available PGJ Gene Atlas on phytozom.jgi.doe.gov has high expression listed in both open and unopened 
flower (flower.open and flower.unopen) as well as the shoot tip. 
Glyma.18G244600 is annotated as being on the reverse strand of chromosome 18 at physical position 
53,236,145..53,240,803. The predicted protein encoded at this locus has 7 functional annotations 
including a PFAM protein domain. Annotations for Glyma.18G244600 include AP2 domains and DNA 
transcription related.  As annotated Glyma.18G244600 has 8 exons, 7 introns and a 3’ UTR. The gene 
expression information from phytozome.jgi.doe.gov from the publicly available Plant GeneAtlas lists 
Glyma.18G244600 as having high expression in the lateral root and the root tip samples as well as in the 
root hairs. 
Glyma.18G244700 is annotated as being on the forward strand of chromosome 18 at physical position 
53,246,998..53,251,392.  There are 4 functional annotations for the predicted protein encoded at 
Glyma.18G244700.  These include a helicase related and a PFAM protein domain of calcineurin-like 
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phosphoesterase.  As annotated on phytozome.jgi.doe.gov Glyma.18G244700 has 4 exons and 3 introns.  
Glyma.18G244700 also has a 5’ and 3’ UTR sequence.  The GeneAtlas from JGI on 
phytozome.jgi.doe.gov shows high expression of Glyma.18G244700 in the flower (both flower.open and 
flower.unopen), the root.ammonia (roots with ammonia provided as a nitrogen source), roots in a 
symbiotic condition (root.symbiotic), pod and stem. 
Glyma.18G244800 is annotated as being at physical position 53,251,764..53,257,604 on the reverse 
strand of chromosome 18.  The predicted protein encoded at this locus has 5 functional annotations 
including a PFAM protein domain annotation.  All of these annotations are related to chromatin assembly 
factor subunit A.  Glyma.18G244800 as annotated has 12 exons and 11 introns as well as a 5’ and 3’ 
UTR.  There is a high level of expression in the leaf.standard, root tip.standard, shoot tip.standard, seed 
and shoot apical meristem in the Plant GeneAtlas dataset from JGI at phytozome.jgi.doe.gov. 
Glyma.18G244900 is annotated on phytozome.jgi.doe.gov as being at physical position 
53,258,358..53,264,479 on the forwards strand of chromosome 18.  The predicted protein encoded at this 
locus has 7 functional annotations listed which are all phosphatase related. There are also 2 PFAM protein 
domains with predicted Haloacid dehalogenase function.  As annotated there are 7 exons, 6 introns, and a 
5’ and 3’ UTR in Glyma.18G244900. The expression in the Plant Gene Atlas for phytozome.jgi.doe.gov 
indicates a high expression level for all of the leaf samples with various nitrogen sources as well as in the 
symbiotic condition (leaf.ammonia, leaf.nitrate, leaf.standard, leaf.urea and leaf.symbiotic). 
Glyma.18G245000 is located at physical position 53,266,555..53,281,707 on the reverse strand of 
chromsome 18. There are 8 functional annotations for the encoded protein including 2 PFAM protein 
domain annotations.  The protein domain annotations are for the Rad21 Rec like protein.  The other 
functional annotations also contain Rad21 and functions related to chromosome cohesion.  As annotated 
Glyma.18G245000 contains 14 exons and 13 introns as well as a 5’ and 3’ UTR sequence. The Plant 
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GeneAtlas from phytozome.jgi.doe.gov shows a high expression in open flowers (flower.open) and leaf 
with a nitrogen leaf source (leaf.nitrogen). 
Glyma.18G245100 is annotated at physical position 53,293,883..53,294,967 on the forward strand of 
chromosome 18.  There are 2 functional annotations for the encoded protein which are uninformative.  As 
annotated, Glyma.18G245100 has a single exon with a 5’ and 3’ UTR but no intons.  There are no high 
expression samples in the Plant GeneAtlas from JGI. 
Glyma.18G245200 is annotated on the reverse strand at physical position 53,297,092..53,306,776.  The 
predicted protein has 5 functional annotations including a PFAM protein domain annotation.  These 
include a leucine zipper and calcium binding annotations.  As annotated, Glyma.18G245200 contains 14 
exons and 14 introns as  ll as a 5’ and 3’ UTR.  The expression data from phtozome.jgi.doe.edu from the 
unpublished Plant GeneAtlas from phytozome includes high expression levels in the unopen flower 
(flower.unopen), the leaf with urea as a nitrogen source (leaf.urea), the pod and stem. 
Glyma.18G245300 is annotated on the reverse strand at physical position 53,298,985..53,299,215.  There 
are no functional annotations for Glyma.18G245300 and it contains only a single annotated exon.  The 
gene expression data from the JGI Plant GeneAtlas at phytozome.jgi.doe.gov is high for the leaf samples 
with standard, nitrate, and urea nitrogen sources (leaf.nitrate, leaf.standard, leaf.urea), root and stem. 
Glyma.18G245400 is annotated as on the reverse strand at physical position 53,307,862..53,309,723 and 
the predicted protein has no functional annotations.  As annotated, it contains 3 exons, 3 introns and a 5’ 
and 3’ UTR sequence.  The phytozome.jgi.doe.gov gene expression data from the JGI Plant Gene Atlas 
indicates high expression levels in samples from roots and stem. 
Glyma.18G245500 is annotated on the forward strand at physical position 53311605..53314216 and there 
are no functional annotations for the protein encoded by this gene.  As annotated Glyma.18G245500 has 5 
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exons and 4 introns.  Glyma.18G245500 also contains a 3’ UTR.  The expression data from JGI Plant 
Gene Atlas has indicated high expression for the root (root.standard) and stem (stem.standard). 
Whole genome sequencing and fosmid screening of PI 468916 
A whole genome sequence (WGS) of PI 468916 was assembled de novo from Illumina paired-reads 
(Fliege, 2015).  A fosmid library was constructed from genomic DNA extracted from leaf tissue from PI 
468916, and screened to isolate and sequence individual fosmids from the interval (Fliege, 2015).  These 
WGS scaffolds and isolated fosmid sequences were used to compare the sequence of the resistant PI 
468916 and the published susceptible reference sequence Williams 82 (Schmutz et al., 2010) (Figure 3.1).  
Identification of sequence changes in the interval could lead to information about what was the causative 
allele for cqSCN-007.  Genes showing substantial coding sequence variation or structural variants were 
chosen for further analysis of their sequence. 
 Sequence analysis of Glyma.18G244800 
Glyma.18G244800 as annotated in the Williams 82 susceptible reference was fully sequenced in PI 
468916.  Directly upstream of Glyma.18G244800 there are 2 SNVs within 500 bp in the putative 
regulatory region.  There is additionally 1 SNV within the 5’ UTR sequence.  There is one also several 
SNV in the gene body of Glyma.18244880 (Figure 3.2) that cause a change in the putative peptide 
sequence. There are two peptide changes in exon 1 and 5 peptide changes in exon 5.  In exon 1 an aspartic 
acid (acid) was altered to a tyrosine (polar), and a glutamic acid (acid) was altered to a glycine (non-
polar).  In exon 5 the sequence changes caused the following amino acid changes: leucine (aliphatic) to 
phenylalanine (aromatic); isoleucine (aliphatic) to glutamine (amidic); an alanine (aliphatic) to valine 
(aliphatic); arginine (basic) to asparagine (amidic); leucine (aliphatic) to phenylalanine (aromatic).  There 
is additionally one SNV in exon 12 that does not change the putative peptide sequence. There are 6 SNVs 
within the introns of Glyma.18244880.  There is also a run of homopolymers as well as two small 
insertions into Williams 82 relative to PI 468916 of 1 and 2 bp in length. 
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Sequence analysis of Glyma.18G244900 
There are many sequence changes between PI 468916 and Williams 82 in the region of 
Glyma.18G.244900 (Figure 3.3).  Within the gene body there are 4 SNVs and a 1 bp deletion within the 
5’ UTR.  In the first exon there is 1 SNV.  There are 3 SNV in the second exon. In the fourth exon there is 
1 SNV and there is 1 SNV in the ninth exon.  Only two of the SNV result in a change in the putative 
peptide sequence.  In the first exon there is a change from a Glutamine (amidic) to a proline (acidic).  In 
the second exon there is an amino acid change from glutamic acid (acid) to aspartic acid (acidic). 
There are many more SNVs and structural variation in the intron sequences.  There are 48 SNV within the 
intron sequences.  There are also several homopolymer runs and repeats of TA or GA which differ 
between the two PI 468916 and Williams 82. Additionally, there are a number of small insertions or 
deletions ranging from 2 to 48 bp within the insertion sequence.  However, none of these appear to 
influence splice sites. 
 Sequence analysis of Glyma.18G245000 
Glyma.18G245000 contains many SNV as well as some small structural variations (Figure 3.4).  Some of 
the SNVs change the putative protein coding sequence.  In exon 12 there is an amino acid change from a 
glycine (aliphatic) in Williams 82 to a glutamic acid (acidic) in PI 468916.  There are 4 amino acid 
changes in exon 6: A leucine (acidic) to a glutamine (amidic), a methionine (sufur-containing) to a 
threonine (hydroxylic), a leucine (aliphatic) to a glutamine (amidic), and a valine (aliphatic) to a 
isoleucine (aliphatic).  In exon 12 there is an additional amino acid change of a glycine (aliphatic) to a 
glutaminc acid (acidic). 
There are 2 other SNVs within the gene body of Glyma.18G245000 that do not cause a change in the 
peptide sequence (in exon 1 and another in exon 6).  There are also 12 SNV within the 5’ UTR.  
Additionally there 22 SNVs in the introns of Glyma.18G245000.  There are also several small structural 
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variants.  A 115 bp deletion was identified in the Williams 82 sequence relative to the PI 468916 
sequence in the intron between exon 1 and 2.  There was also a 187 bp deletion in Williams 82 relative to 
PI 468916 identified that is located between exons 2 and 3.  There are also several small 1 and 2 bp 
insertion and deletions and a homopolymer that is not precisely the same length between Williams 82 and 
PI 468916.  None of these variants alter splice donor or acceptor sites. 
Furthermore, a larger structural variation was identified in the immediate upstream sequence of 
Glyma.18G245000. Upstream 767 bp there is a 6.8 kb insertion into Williams 82 relative to PI 468916. 
While there is no evidence of the transcription start site being altered by this insertion, it is in the putative 
regulatory region. 
Portions of the sequence of the 6.8 kb insertion which is upstream to Glyma.18G245000 in Williams 82 
has sequence identity to annotated transposons.  When searched against the soybean transposable element 
data base, SoyTeDB, (Du et al., 2010) a segment of the insertion has a high degree of sequence homology 
to many retro transposons. 
Sequence analysis of Glyma.18G245500 
There are several sequence changes between PI 468916 and Williams 82 in Glyma.18G245500. Upstream 
in the putative regulatory region there are 3 SNVs. There is a SNV in exon 3 as well as a small 3 bp 
deletion in Williams 82 relative to PI 468916. These two changes cause two changes in the putative 
peptide sequence.  The deletion in Williams 82 removes a leucine (aliphatic) amino acid.  The SNV 
causes a change from a phenylalanine (aromatic) to an isoleucine (aliphatic). There is an additional SNV 






The most economically damaging pest of soybeans is the soybean cyst nematode (Hartman 2015).  An 
over reliance on PI88788 derived resistance (Rhg1) has caused SCN populations to begin to overcome 
this resistance source.  Therefore, identifying and cloning new sources of SCN resistance will be valuable 
for breeding soybeans for continued increased yields. Identification of the exact gene responsible for the 
resistance phenotype has several advantages, including the easy isolation of allelic diversity, the creation 
of “perfect” genetic markers for marker assisted selection, and the potential to use biotechnology 
approaches to introduce the gene into susceptible varieties. 
There are many sequence changes in the annotated genes within the interval that cqSCN-007 is mapped to 
that could be responsible for causing SCN resistance. Many of these are SNV that change the putative 
peptide sequence of the protein.  While none of these sequence changes was definitively identified as the 
cause of SCN resistance in cqSCN-007 by this study, some of these amino acid changes in the putative 
peptide sequence may cause loss of function to the protein or a change of function resulting in SCN 
resistance.  Many of these genes that have changes have copies in the homeologous region that are very 
similar that could perform the original function of the gene. This gives potential for neofunctionalization, 
where the gene that has an altered sequence acquires a new function within the organism (namely, SCN 
resistance) while the duplicate gene retains the original function.  Sequence changes that we believe may 
result in the SCN resistance and their potential mechanisms are discussed below. 
Glyma.18G244800 contains several SNVs that alter the peptide sequence which are different between the 
susceptible reference Williams 82 and the resistant Glycine soja accession PI 468916  These could cause 
a protein to misfold or to be dysfunctional.  There are many changes in exon 5 of Glyma.18G244800 
between G. soja line PI 468916 and the sequenced reference G. max Williams 82.  One of these changes 
is from an aliphatic amino acid to an aromatic amino acid. This leucine to phenylalanine change has 
potential to make changes to the function of the protein.  The structure of the aliphatic versus the aromatic 
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amino acid side chains could change the tertiary structure of the protein and may inhibit proper folding. 
However leucine and phenylalanine, as in the case of exon 5, are of a similar size, which may make them 
more able to be switched without functional changes (Betts and Russell 2007).   
The functional annotations of Glyma.18G244800 all have to do with chromatin assembly factor 1, 
including a PFAM protein domain, CAF 1 subunit A (CAF1A). In plants, the subunit A of the human 
annotated CAF1 is encoded by FASCIATA1 (FAS1).  CAF1A is involved in DNA synthesis (through 
recruiting histones to the replication fork) and DNA repair (Osley, 1991; Mjelle et al., 2015).  Non-
functional CAF1A has been recently associated with inhibited proliferation of lung cancer cells in human, 
where a knock down of CAF1A caused cellular apoptosis (Zhao et al., 2019).  It is possible that the 
CAF1A domain in Glyma.18G244800 is causing a change in the formation of the syncytium, and 
incurring the hypersensitive response that is seen in accessions carrying SCN resistance.  Proper histone 
recruiting and DNA repair may be able to continue because the homeologous chromosomal region 
contains a gene that is able to perform the DNA synthesis and repair mechanism which CAF1A is 
involved in.  
Conversely, Glyma.18G244800 could be involved in gene expression changes.  A change in the function 
of CAF1A has been shown to affect the transcription of a small number of genes in Arabidopsis 
(Schönrock et al., 2006).  This study showed that while repression of genes in heterochromatic regions 
was not changed, 2.1% of genes in the Arabidopiss microarray chip had significant expression changes in 
fas1 mutants.  The majority of these genes are involved in other steps of DNA repair, however Shönrock 
(2006) reports a diverse range of functional categories including stress response and cell organization.  It 
is possible that the genomic changes in Glyma.18G244800 could be causing an altered functionality that 
changes expression in genes leading to an inability to form syncytium and subsequent cell death. 
Glyma.18G244900 also has sequence changes that could be causing SCN resistance.  One of the SNVs in 
Glyma.18G244900 changes a glutamine to a proline.  A change from a glutamine to a proline residue is of 
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interest because of the functional properties and structure. Proline residues cause turns, “kinks” and are 
not tolerated within some areas of alpha helices in the secondary structure of a protein.  These kinks can 
also affect the tertiary structure of the protein (Brandl & Deber, 1986). The functional annotations of 
GLyma.18G244900, phosophglycolate phosphatase, are involved in metabolism and do not readily imply 
an obviously mechanism for SCN resistance, nevertheless, these changes could cause a different function 
causing SCN resistance. 
Glyma.18G245000 contains many SNV within the gene body and 5’ upstream putative regulatory region.  
Some of these change amino acid residues, while others are synonymous.  There are also SNV within the 
introns.  Additionally there is a large structural variant of a 6.8 kb insertion into Williams 82 relative to PI 
468916 immediately upstream in the putative regulatory region. With the number of SNVs that cause 
amino acid residue changes in the peptide sequence as well as the SNVs within the introns 
Glyma.18G245000 may have changed functionality.  However, the functional annotation of Rad21/Rec8-
like protein implies that it has protein binding properties and may be involved in sister-chromatid 
cohesion, which is necessary for homologous recombination (Parisi et al., 1999). 
In arabidopsis, DETERMINATE, INFERTILE1 (DIF1) was cloned and mutants found to cause male and 
female sterility (Bhatt et al., 1999).  This gene has a high degree of homology to the RAD21/REC8 
cohesin genes.  Another homolog in rice OsRad21-4 was also found to be necessary to efficient meiosis to 
occur (Zhang, Tao, Wang, Chong, & Wang, 2006).  In what Rec8-like cohesin proteins are also necessary 
for meiosis(Ma et al., 2018). Because these cohesion genes are necessary for proper meiosis to occur and 
mutants in the Rad21/Rec8 homologs in rice and arabidopsis cause infertility and non-functional meiosis, 
the SNV and structural variants with in Glyma.18G245000 may not be causing SCN resistance.  These 
SNV may not be causing any change in protein structure and function allowing for proper fertility and 
meiosis.  Additionally, the structural variant in the putative regulatory region is 700 bp upstream and may 
not be affecting any transcription factor binding sites or enhancer sites. 
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Glyma.18G245500 has no functional annotations that would indicate that it might be the source of SCN 
resistance, however, the unpublished expression data available on the JGI GeneAtlas shows high 
expression for root (root.standard) and stem (stem.standard) samples.  Because of the high expression in 
roots, Glyma.18G245500 is a potential candidate for causing SCN resistance. In particular, one of the 
changes to the peptide sequence causes a phenylalanine to be changed into an isoleucine in the resistance 
PI 468916. While neither phenylalanine or isoleucine are very reactive and they are both hydrophobic, the 
differences in structure between the side changes of the aromatic (phenylalanine) and the aliphatic 
(isoleucine) may cause differences of structure that could inhibit protein folding. 
When none of these genes are definitely the cause of SCN resistance from cqSCN-007, 
Glyma.18G244800 is the most likely candidate.  This is due to the number of SNV within the peptide 
sequence as well as the annotations. There are non-synonymous changes that cause amino acid changes 
within the putative peptide sequence.  These may cause a functional part of the protein to be altered or a 
change in protein folding.  Furthermore, the functional annotations of chromatin assembly factor 1 
(CAF1) provide additional support.  Knockdowns of CAF1 have caused apoptosis in lung cancer cells. 
The resistant plant may be using this altered CAF1 protein to cause the hypersensitive response where 
nematode infection is occurring that is observed in the resistant plants. (Mozgová et al., 2015) showed 
that the involvement of CAF1 in chromatin assembly suppressed the priming of the defense system. 
Unlike humans, where CAF1 mutants cause cell death from S-phase arrest (Hoek & Stillman, 2003), 
previous studies have noted that CAF1 mutants in plants only cause cell cycle defects and morphological 
defects such as reduced rosette size and shortened adult phase. (Chen, Tan, Ingouff, Sundaresan, & 
Berger, 2008) showed that the cell cycle was of male gametogenesis in arabidopsis was regulated by 
CAF1, but there was no death of the pollen cells.  CAF1 functional loss in arabidopsis has also been 
shown to inhibit cell division, causing cells to pause in the S-phase before eventually dividing (Ramirez-
Parra & Gutierrez, 2007). These studies show that while CAF1 mutants have cycle defects which result in 
morphological changes or altered lifecycles they continue to be viable plants.   
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CAF1 has been shown to have an additional function of repressing the defense response genes, namely, 
repressing the start of a salicylic acid dependent defense pathway.  Additionally, a study on 
transgenerational epigenetics of fas1 and fas2 mutants showed the CAF1 is responsible for repression of 
stress responsive genes (Mozgova et al., 2018) CAF1 has also been shown to regulate function on other 
abiotic stressors.  In arabidopsis CAF1 mutants, have delayed resilencing of the heat stress pathways 
(Steimer et al., 2000). 
The altered DNA sequence of Glyma.18G244800 in cqSCN-007 may change the functionality of CAF1 in 
the SCN resistant soybeans. CAF1 in cqSCN-007 may be creating a state where the plant has an increased 
sensitivity to pathogen related stress. The ability of CAF1 to repress these disease response genes may be 
compromised while its major function of chromatin remodeling remains intact. This reduced repression of 
disease response could be causing the signaling pathways to start the hypersensitive response in the 
resistant plant. 
Additional work needs to be down to prove Glyma.18G244800 is the source of disease resistance in 
cqSCN-007.   Transient transgenic approaches such as nematode assays in hairy roots could knock down 
Glyma.18G244800 expression in hairy root cultures of a susceptible line to test the effect of 
Glyma.18G244800 on SCN infection. Another potentially interesting experiment is expressing the 
sequence of Glyma.18G244800 from PI 468916 in hairy root cultures.  Comparing the ability of SCN to 
infect hairy root cultures that have a knock down of the Glyma.18G244800 sequence from the susceptible 
published reference to their ability to infect on hairy root cultures that are expressing the PI 468916 
sequence would give interesting insight into whether this was a gain of function or a loss of function 
mutation. 
Glyma.18G244800 could be altered with CRISPR/Cas9 to confer stable resistant plants. Additionally, 
Glyma.18G244800 could be stacked with other SCN resistant genes to provide a higher level of SCN 
resistance.  The implication of Glyma.18G244800 in priming a defense mechanism through decreasing 
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the repression of defense response genes may allow for a heightened response state.  Additional 
experiments should be performed to determine if this increase defense readiness could be combined with 
disease resistant genes for other pathogens, overall improving the disease resistance of the plant and 
performance.   
Of additional interest would be elucidating if the originally discovered CAF1 function of chromatin 
assembly is still functional, while also having the mutation which putatively causes SCN resistance.  
Because some of the CAF1 mutant plants previously described (Ramierz-Parra et al., 2007; Hoek & 
Stillman, 2003) have morphological and lifecycle timing problems, it is possible that the general 
nucleosome remodeling and chromatin assembly functions are still being performed by a homeologous 
gene, while the altered sequence of Glyma.18G244800 may be allowing for the lack of defense 
repression.  It would also need to be studied to determine if there are other genes which are also 
experiencing a lack of repression due to this sequence change in Glyma.18G244800 and any effects they 
have on plant life cycle, metabolism, disease resistance, seed composition, and other plant growth 




MATERIALS AND METHODS 
 
Candidate genes overview 
Candidate genes within the interval where cqSCN-007 was mapped were analyzed as annotated on 
phytozome.jgi.doe.edu (Goodstein et al., 2011) for the Williams 82 second assembly (Wm82.a2.v1) 
(Schmutz et al., 2010). Exon number and boundaries were used as annotated on phytozome.jgi.doe.gov.  
Functional annotations (Pfam, GO terms, KOG, Panther) were also taken from phytozome.jgi.doe.gov. 
Expression information was used from the JGI Plant GeneAtlas (unpublished). 
Sequence comparison of PI 468916 and Williams 82 
Sequences of WGS scaffolds and isolated fosmids of PI 468916 were compared to the reference Williams 
82 using Geneious 11.1.5 software (Auckland, New Zealand). The sequences from PI 468916 were 
mapped to the reference Williams 82 and examined for SNV and structural changes in genic regions. 
Sequence analysis of genes in cqSCN-007 interval 
Individual exons were examined for sequence differences by individually aligning the sequence of the 
reference exon with the PI 468916 sequence and documenting individual nucleotide changes.  The PI 
468916 sequences corresponding to the reference exons including any changes were then translated into 
the putative peptide sequence using the Translate online tool from ExPASY at the Swiss Institute of 
Bioinformatics (SIB).  This predicted peptide sequence from PI 468916 was then compared to the peptide 




TABLE AND FIGURES 











PANTHER AP2-LIKE ETHYLENE-RESPONSIVE 
TRANSCRIPTION FACTOR BBM  
PF00847 PFAM AP2 domain  
GO:0003700 GO Interacting selectively and non-covalently 
with a specific DNA sequence in order to 
modulate transcription  
GO:0006355 GO Any process that modulates the frequency, 
rate or extent of cellular DNA-templated 
transcription.  
GO:0007275 GO The biological process whose specific 
outcome is the progression of a 
multicellular organism over time from an 
initial condition   
K09285 KEGGORTH AP2-like factor, ANT lineage 




PANTHER TRANSMEMBRANE PROTEIN 62 
 
PF00149 PFAM  Calcineurin-like phosphoesterase  
GO:0016787 GO Catalysis of the hydrolysis of various 
bonds, e.g. C-O, C-N, C-C, phosphoric 
anhydride bonds, etc. Hydrolase is the 
systematic name for any enzyme of EC 
class 3. 
Glyma.18G244800 PTHR15272 PANTHER CHROMATIN ASSEMBLY FACTOR 1 




PANTHER CHROMATIN ASSEMBLY FACTOR 1 
SUBUNIT A  
PF12253 PFAM Chromatin assembly factor 1 subunit A  
KOG4364 KOG Chromatin assembly factor-I  
K10750 KEGGORTH chromatin assembly factor 1 subunit A 





PHOSPHATASE 2  
PF13242 PFAM HAD-hyrolase-like  
PF13344 PFAM Haloacid dehalogenase-like hydrolase  
3.1.3.18 EC Phosphoglycolate phosphatase  
KOG2882 KOG p-Nitrophenyl phosphatase 
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Table 3.1 continued 
    
     
K19269 KEGGORTH phosphoglycolate phosphatase 






PF04824 PFAM Conserved region of Rad21 / Rec8 like 
protein  
PF04825 PFAM N terminus of Rad21 / Rec8 like protein  
KOG1213 KOG Sister chromatid cohesion complex 
Cohesin, subunit RAD21/SCC1 
 
GO:0000228 GO A chromosome that encodes the nuclear 
genome and is found in the nucleus of a 
eukaryotic cell during the cell cycle phases 
when the nucleus is intact.  
GO:0005515 GO Interacting selectively and non-covalently 
with any protein or protein complex (a 
complex of two or more proteins that may 
include other non-protein molecules).  
K06670 KEGGORTH cohesin complex subunit SCC1 




PANTHER F16B3.27 PROTEIN 





PANTHER LETM1-LIKE PROTEIN 
 
PF07766 PFAM LETM1-like protein  
KOG1043 KOG Ca2+-binding transmembrane protein 
LETM1/MRS7  
K17800 KEGGORTH LETM1 and EF-hand domain-containing 

















Figure 3.1:  cqSCN-007.  The 103.2 kb interval between the markers that cqSCN-007 has been 
mapped is shown as a black line.  Isolated fosmids are indicated as thinner black lines.  WGS scaffolds 
are indicated as grey lines.   Candidate genes located within the interval are represented with arrows 
















Figure 3.2:  Gene model for Gylma.18G244800 as annotated on the Williams 82 published reference 
genome.  5’ and 3’ UTRs are shown as light grey boxes.  Exons are shown as dark grey boxes.  
Introns are shown as black lines.  SNVs that are non synonymous and cause a change in the putative 

















Figure 3.3:  Gene model for Gylma.18G244900 as annotated on the Williams 82 published reference 
genome.  5’ and 3’ UTRs are shown as light grey boxes.  Exons are shown as dark grey boxes.  
Introns are shown as black lines.  The positions of SNVs that are non-synonymous and cause a change 






Figure 3.4:  Gene model for Gylma.18G245000 as annotated on the Williams 82 published reference 
genome.  5’ and 3’ UTRs are shown as light grey boxes.  Exons are shown as dark grey boxes.  
Introns are shown as black lines.  The positions of SNVs that are non-synonymous and cause a change 





Altschul, S., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., & Lipman, D. J. (1997). 
Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic 
Acids Research, 25(17), 3389–3402. https://doi.org/10.1093/nar/25.17.3389 
Betts, M. J., & Russell, R. B. (2003). Amino-Acid Properties and Consequences of Substitutions. In 
Barnes, M. R., Gray, I. C., (Eds) Bioinformatics for Geneticists (pp. 311–342). 
https://doi.org/10.1002/9780470059180.ch13 
Bhatt, A. M., Lister, C., Page, T., Fransz, P., Findlay, K., Jones, G. H., … Dean, C. (1999). The DIF1 
gene of Arabidopsis is required for meiotic chromosome segregation and belongs to the 
REC8/RAD21 cohesin gene family. The Plant Journal : For Cell and Molecular Biology, 19(4), 
463–472. https://doi.org/10.1046/j.1365-313x.1999.00548.x 
Brandl, C. J., & Deber, C. M. (1986). Hypothesis about the Function of Membrane-Buried Proline 
Residues in Transport Proteins. In Proceedings of the National Academiy of Sciences of the United 
States of America 83(4), 917-921. doi: 10.1073/pnas.83.4.917 
Chen, Z., Tan, J. L. H., Ingouff, M., Sundaresan, V., & Berger, F. (2008). Chromatin assembly factor 1 
regulates the cell cycle but not cell fate during male gametogenesis in Arabidopsis thaliana. 
Development, 135(1), 65–73. https://doi.org/10.1242/DEV.010108 
Concibido, V. C., La Vallee, B., Mclaird, P., Pineda, N., Meyer, J., Hummel, L., … Delannay, X. (2003). 
Introgression of a quantitative trait locus for yield from Glycine soja into commercial soybean 
cultivars. Theoretical and Applied Genetics, 106(4), 575–582. https://doi.org/10.1007/s00122-002-
1071-5 
Fliege, C. E., (2015). Towards cloning of a novel SCN resistance locus using de novo genome assembly 
and fosmid screening (Unpublished master’s thesis). University of Illinois at Urbana-Champaign, 
Urbana, IL 
Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., … Rokhsar, D. S. (2012). 
Phytozome: a comparative platform for green plant genomics. Nucleic Acids Research, 40(Database 
issue), D1178-86. https://doi.org/10.1093/nar/gkr944 
Hartman, G. L. (2015). Worldwide Importance of Soybean Pathogens and Pests. In. G.L. Hartman, J.C. 
Rupe, E.F. Sikora, L.L Domier, J.A. David, and K. L. Steffey, (Eds.) Compendium of Soybean 
Diseases and Pests. (pp.4-5) American Phytopathological Society. 
Hoek, M., & Stillman, B. (2003). Chromatin assembly factor 1 is essential and couples chromatin 
assembly to DNA replication in vivo. Proceedings of the National Academy of Sciences of the 
United States of America, 100(21), 12183–12188. https://doi.org/10.1073/pnas.1635158100 
Kabelka, E. A., Carlson, S. R., & Diers, B. W. (2005). Localization of two loci that confer resistance to 




Kim, M., & Diers, B. W. (2013). Fine Mapping of the SCN Resistance QTL and from PI 468916. Crop 
Science, 53(3), 775. https://doi.org/10.2135/cropsci2012.07.0425 
Ma, G., Zhang, W., Liu, L., Chao, W. S., Gu, Y. Q., Qi, L., … Cai, X. (2018). Cloning and 
characterization of the homoeologous genes for the Rec8-like meiotic cohesin in polyploid wheat. 
BMC Plant Biology, 18(1), 224. https://doi.org/10.1186/s12870-018-1442-y 
Mitchum, M. G., Wrather, J. A., Heinz, R. D., Shannon, J. G., & Danekas, G. (2007). Variability in 
Distribution and Virulence Phenotypes of Heterodera glycines in Missouri During 2005. Plant 
Disease, 91(11), 1473–1476. https://doi.org/10.1094/PDIS-91-11-1473 
Mjelle, R., Hegre, S. A., Aas, P. A., Slupphaug, G., Drabløs, F., Sætrom, P., & Krokan, H. E. (2015). Cell 
cycle regulation of human DNA repair and chromatin remodeling genes. DNA Repair, 30, 53–67. 
https://doi.org/10.1016/J.DNAREP.2015.03.007 
Mozgova, I., Wildhaber, T., Trejo-Arellano, M. S., Fajkus, J., Roszak, P., Köhler, C., & Hennig, L. 
(2018). Transgenerational phenotype aggravation in CAF-1 mutants reveals parent-of-origin specific 
epigenetic inheritance. New Phytologist, 220(3), 908–921. https://doi.org/10.1111/nph.15082 
Niblack, T. L., Lambert, K. N., & Tylka, G. L. (2006). A Model Plant Pathogen from the Kingdom 
Animalia: Heterodera glycines , the Soybean Cyst Nematode. Annual Review of Phytopathology, 
44(1), 283–303. https://doi.org/10.1146/annurev.phyto.43.040204.140218 
Niblack, T. L., Colgrove, A. L., Colgrove, K., & Bond, J. P. (2008). Shift in Virulence of 
Soybean Cyst Nematode is Associated with Use of Resistance from PI 88788. Plant Health 
Progress, 9(1), 29. https://doi.org/10.1094/PHP-2008-0118-01-RS 
Osley, M. A. (1991). The Regulation of Histone Synthesis in the Cell Cycle. Annual Review of 
Biochemistry, 60(1), 827–861. https://doi.org/10.1146/annurev.bi.60.070191.004143 
Parisi, S., McKay, M. J., Molnar, M., Thompson, M. A., van der Spek, P. J., van Drunen-Schoenmaker, 
E., … Kohli, J. (1999). Rec8p, a meiotic recombination and sister chromatid cohesion 
phosphoprotein of the Rad21p family conserved from fission yeast to humans. Molecular and 
Cellular Biology, 19(5), 3515–3528. https://doi.org/10.1128/mcb.19.5.3515 
Ramirez-Parra, E., & Gutierrez, C. (2007). E2F regulates FASCIATA1, a chromatin assembly gene 
whose loss switches on the endocycle and activates gene expression by changing the epigenetic 
status. Plant Physiology, 144(1), 105–120. https://doi.org/10.1104/pp.106.094979 
Schmutz, J., Cannon, S. B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., … Jackson, S. A. (2010). 
Genome sequence of the palaeopolyploid soybean. Nature, 463(7278), 178–183. 
https://doi.org/10.1038/nature08670 
Schönrock, N., Exner, V., Probst, A., Gruissem, W., & Hennig, L. (2006). Functional genomic analysis of 




Song, Q., Hyten, D. L., Jia, G., Quigley, C. V., Fickus, E. W., Nelson, R. L., & Cregan, P. B. 
(2013). Development and Evaluation of SoySNP50K, a High-Density Genotyping Array for 
Soybean. PLoS ONE, 8(1), e54985. https://doi.org/10.1371/journal.pone.0054985 
 Steimer, A., Amedeo, P., Afsar, K., Fransz, P., Mittelsten Scheid, O., & Paszkowski, J. (2000). 
Endogenous targets of transcriptional gene silencing in Arabidopsis. The Plant Cell, 12(7), 1165–
1178. https://doi.org/10.1105/tpc.12.7.1165 
Tylka, G. L., & Marett, C. C. (2017). Known Distribution of the soybean cyst nematode, Heteroder 
glycines, in the United States and Canada, 1954 to 2017. Plant Health Progress 18(3), 167–168. 
https://doi.org/10.1094/PHP-05-17-0031-BR 
Wang, D., Diers, B. W., Arelli, P. R., & Shoemaker, R. C. (2001). Loci underlying resistance to Race 3 of 
soybean cyst nematode in Glycine soja plant introduction 468916. Theoretical and Applied 
Genetics, 103(4), 561–566. https://doi.org/10.1007/PL00002910 
Wang, X., Jiang, G. L., Green, M., Scott, R. A., Song, Q., Hyten, D. L., & Cregan, P. B. (2014). 
Identification and validation of quantitative trait loci for seed yield, oil and protein contents 
in two recombinant inbred line populations of soybean. Molecular Genetics and Genomics : 
MGG, 289(5), 935–949. https://doi.org/10.1007/s00438-014-0865-x 
Winstead, N. N., Skotland, C. B., & Sassner, J. N. (1955). Soybean cyst nematode in North Carolina. 
Plant Disease Reporter, 39(1), 9–11. Retrieved from 
https://www.cabdirect.org/cabdirect/abstract/19550801114 
Yu, N., & Diers, B. W. (2017). Fine mapping of the SCN resistance QTL cqSCN-006 and cqSCN-007 
from Glycine soja PI 468916. Euphytica, 213(2), 54. https://doi.org/10.1007/s10681-016-1791-2 
Zhang, L., Tao, J., Wang, S., Chong, K., & Wang, T. (2006). The Rice OsRad21-4, an Orthologue of 
Yeast Rec8 Protein, is Required for Efficient Meiosis. Plant Molecular Biology, 60(4), 533–554. 
https://doi.org/10.1007/s11103-005-4922-z 
Zhao, H., Duan, Y., Liu, T., Li, L., Li, W., & Li, J. (2019). Over-expression of chromatin assembly factor 
1 subunit A (CHAF1A) facilitates cell proliferation in non-small cell lung cancer (NSCLC). 











Soybean (Glycine max) is a major crop in the United States. Of the crop land planted in 2018, 33% was 
planted in soybean (Soystats, 2018).  Globally, major producers of soybean include Brazil, Argentina, 
China, and India (Liu, 1997).  In the United States, Illinois had the highest planted area of soybean and 
also the highest yield in 2018 (Soystats, 2018).  Hartman et al. (2011) suggest that soybean will become 
an important crop in subsistence farming communities.  This increased importance is not only due to the 
soil nitrogen benefits of using a legume (soybean) as a rotation crop, but also because of the nutritional 
value that the crop adds to food and animal feed. 
G. max and Glycine soja have the same chromosome number and cross easily.  Because of this, G. soja 
can be used as a source for novel genes that can be introduced into soybean via breeding.  Breeding 
soybean with G. soja  has been done to introduce a G soja high yield QTL into soybean (Concibido et al., 
2003) as well as a salt tolerance gene (Ngyuen et al., 2009). And as mentioned in Chapter 3, G soja PI 
468916 contains novel nematode resistance genes that can be introduced into soybean.  Additionally, PI 
468916 also contains a high protein QTL that could add value to soybean if introduced, and therefore, the 
identification of the underlying molecular mechanism which is responsible for conferring the high protein 
phenotype could be valuable for breeding high protein soybean. 
Both soybean protein and oil concentration are quantitatively inherited (Burton, 1987; Wilcox, 1998), and 
QTL for this trait have been identified on every chromosome (Grant et al., 2010).  The QTL on 
chromosome 20 was identified by Diers et al. (1992) through seed protein measurements in a population 
derived from a cross between Glycine soja PI 468916 and A81-356022 (an experimental Glycine max 
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line).  This protein QTL was given the designation cqProt-003 by Nichols et al. (2006) and is one of the 
most highly studied high protein QTL (Brummer et al., 1997; Sebolt et al., 2000; Chung et al., 2003; 
Warrington et al., 2015).  Mapping and GWAS efforts (Bolon et al., 2010; Vaughn et al., 2014; Hwang et 
al., 2014; Bandillo et al., 2019) have produced conflicting results, but have placed the QTL generally at 
the physical position 27.8-31.9 Mbp on chromosome 20 of the reference genome, Wm82.a2 (Schmutz et 
al., 2010).  Phansak et al. (2016) identified additional genetic backgrounds that contained cqProt-003 
using selective genotyping.  
To reduce and refine the interval of cqProt-003, fine mapping of the QTL was performed in a population 
of NILs that were segregating for cqProt-003.  This NIL population was developed by Nichols et al. 
(2006) from 5 backcrosses BC5 of donor Glycine soja PI 468916 (where the original QTL was identified) 
to the recurrent parent A81-356022 (an Iowa State developed experimental line). R. Ward together with 
B. Diers used this NIL population to fine map the cqProt-003 interval to between 
BARCSOYSSR_20_0670 and BARCSOYSSR_20_0674 (unpublished). These markers delineate a 77.8 
kb region between 31,744,150 bp and 31,821,947 on the Williams 82 reference genome, W82.a2 




There are three candidate genes that are annotated within the interval on the sequenced soybean reference 
genome pseudomolecule, Wm82.a2v1 (Schmutz et al., 2010; updates via soybase.org) to which the 
cqProt-03 QTL has been genetically defined and fine-mapped by Ward, (2017). These are 
Glyma.20G085000, Glyma.20G085100 and Glyma.20G085200 (Table 4.1). Their functional annotations 
75 
 
as well as their physical positions on Chromosome 20 and any gene expression information from publicly 
available data are presented below. 
Glyma.20G085000 is annotated as being on the reverse strand, at the physical interval of 31,745,486-
31,748,473 on Chr 20.  There are four functional annotations for the predicted protein at this locus 
(Phytozome,jgi.doe.gov).  These annotations all reflect a predicted role in intra-golgi vesicle transport, as 
the protein is likely subunit 6 of the conserved oligomeric golgi complex (COG6).  Glyma.20G085000, as 
annotated, contains three exons and two introns.  The GeneAtlas expression data from the 
Phytzome.jgi.doe.gov (Goodstein et al., 2011) JGI Flagship Plant Gene Atlas (unpublished) shows a high 
level of expression in the leaf.nitrate sample .  This sample is a leaf from a plant that had nitrate as the 
nitrogen source. 
Glyma.20G085100 is annotated to the physical interval of 31,774,770 to 31,779,804, on the forward 
strand.  The only available functional annotations of the predicted peptide sequence are “CCT motif-
containing protein”.  The CCT (CONSTANS, CO-like, and TOC1) domain is known to be involved in 
circadian rhythm and light signaling, most likely in the nucleus, and is implicated in the control of 
flowering (Valverde et al., 2010). As annotated, Glyma.20G085100 has four exons and four introns. The 
GeneAtlas expression data shows a high level of expression in both unopened and open flowers.  
Glyma.20G085200 is on the reverse strand and has been annotated to physical interval 31,784,964 to 
31,786,969.  The functional annotation of the predicted protein sequence at this locus indicates the 
presence of a LIM domain (a double-zinc finger protein-protein interaction motif) (Kadrmas et al., 2006). 
It is annotated as having two exons and one intron.  The GeneAtlas expression data shows a high level of 
expression in the leaf.urea sample.  Leaf.urea is a sample of leaf tissue which has had urea as the nitrogen 
source.    
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None of these genes had functional annotations that obviously led us to believe that they were directly 
involved in protein loading or seed composition in soybeans, thus we needed to further analyze the 
sequence of these genes for potential variants. 
 
Whole genome sequencing comparison of 468916 to Williams 82 
When comparing the whole genome sequence (WGS)  scaffolds from the whole-genome assembly of  PI 
468916 (Fliege, 2015) to the Williams 82 reference sequence W82.a2.v1 (Schmutz et al., 2010) we were 
able to find three major scaffolds in the assembly which uniquely aligned to the sequences of each of the 
three genes in the region annotated in W82.a2.v1.  The aligned sequences of the high protein Glycine soja 
accession, PI 468916, and the low protein Williams 82 published reference sequence were examined for 
genomic changes that could be the high protein causative allele in PI 468916 (Figure 4.1). There were 
sequence changes between Williams 82 and PI 468916 that were located within all three of the annotated 
genes.  Glyma.20G085000 contains 4 intronic SNVs.  There is also 1 SNV in an exon but it is 
synonymous and makes no changes in the putative peptide sequence.  Two larger structural variants were 
found in Glyma.20G085100 and Glyma.20G085200.  A 321 bp deletion in PI 468916 relative to the low 
protein reference Williams 82 was found within Glyma.20G085100 on Wm82.a2.v1 (Figure 
4.2).  Additionally, within Glyma.20G085200 a 8,192 bp deletion in PI 468916 relative to the low-protein 
reference Williams 82 was found from physical position 31,782,701 to 31,790,893 (Figure 4.3). 
Marker development for direct genotyping of structural variants in Glyma.20G085000 and 
Glyma.20G085100 
PCR-based markers were developed to directly genotype both of the large genic structural variants, the 
321 bp deletion in Glyma.20G085100 (CCT domain) and the 8,192 bp deletion in Glyma.20G085200 
(LIM domain). Because these PCR-based markers are directly amplifying the structural variants and the 
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regions around them, we can directly confirm which genotype is present.  For Glyma.20G085100 a PCR-
based marker was designed (Figure 4.4) with primers on either side of the 321 bp deletion such that a 
codominant size polymorphism can be visualized on an agarose gel.  For samples which have a 
PI468916-like allele, a 634 bp segment was generated, whereas for samples with a Williams 82-like 
allele, a 955 bp band was generated.  Heterozygous samples produce both band sizes. This marker is 
referred to as the CCTmarker, for its functional annotation. 
For the structural variant in Glyma.20G085200, a functional codominant marker could not be designed, so 
two dominant markers with nested sets of primers were designed to determine which gene variant is 
present in the tested lines (Figure 4.5).  Glyma.20G085200_marker1 is comprised of two primers within 
the gene body which create a band of 445 bp that can be visualized via electrophoresis on an agarose gel, 
when an accession has the Williams 82-like genotype.  Glyma.20G85200_marker2 is a second set of 
primers that are located in the surrounding genomic region on either side of 
Glyma.20G85200.  Glyma.20G085200_marker2 primers amplify a band of 1,099 bp when an accession 
has the PI 468916-like genotype.  Thus, if the genotype of the accession being tested is Williams-82 like, 
a band will be formed in the Glyma.20G085200_marker1 PCR but the Glyma.20G08200_marker2 PCR 
reaction will be negative.  If the genotype of the accession being tested is the PI 468916-like genotype the 
inverse is true and the Glyma.20G08200_marker2 PCR will have a band while the 
Glyma.20G08200_marker1 will be negative.  A heterozygous sample will be positive for both PCR 
assays. The primers from the Glyma.20G085200_marker2 are at a distance of 9,291 bp in the reference 
genotype and will not produce an amplicon under normal PCR conditions (Figure 4.5). Additionally, the 
primers from Glyma.20G085200_marker2 are also at a distance of 9,291 bp in the homeologous region 
on chromosome 10 allowing for specificity in detecting the chromosome 20 allele of PI 468916. Both 
Glyma.20G085200_marker1 and Glyma.20G085200_marker2 are referred to together as the LIMmarker, 
and together form a maker for both alleles at Glyma.20G085200. 
Screening of high protein Glycine max and Glycine soja lines with candidate markers 
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The accessions used as parents in the study published by Phansak et al. (2016) were chosen for screening 
with both of the dominant LIM markers and the codominant CCTmarker.  The Phansak et al. (2016) 
samples were chosen because they represent a diverse set of high-protein soybean accessions and the high 
protein allele in the cqProt-003 interval was detected in 27 of the 48 accessions used as parents of 
populations evaluated in the study (Phansak et al., 2016). Two of these accessions were omitted because 
parents were not available from the USDA National Plant Germplasm System.  Additional accessions 
were added to the panel: the lines which were used from the original mapping of the high protein QTL, 
other parents in which the QTL had been mapped, and locally adapted high and low protein accessions. 
These accession numbers are located in Table 4.2.   
These accessions were screened with both the PCR-based LIMmarker and CCTmarker and these results 
are shown for each line in Table 4.2.  For the two LIMmarker markers there were 18 lines in which the 
high protein genotype (PI 468916-like) was detected.  Of these 18 lines with the high protein genotype, 
14 had been previously identified as carrying the high protein QTL on chromosome 20, cqProt-003. 
Sixteen of the lines with the Williams 82-like genotype for the LIMmarker had also been previously 
determined to carry the high protein QTL on chromosome 20. Thus the LIMmarker results do not fit a 
pattern for the variant at Glyma.20G085200 to be the causative allele on chromosome 20 that results in 
high protein.   
The full marker results for the CCTmarker are also located in Table 4.2, while a summary table is located 
in Table 4.3.  For the CCTmarker, 33 of the lines in the panel were found to have the PI 468916-like 
genotype in lines where the high protein allele had previously been detected on chromosome 20.  Of the 
lines where the high protein QTL on chromosome 20 had not been previously detected, 16 of them had 
the Williams 82-like genotype. Four lines did not fit the pattern of PI468916-like genotype in a line where 
the cqProt-003 QTL was detected and a Williams82-like genotype in accession where the cqProt-003 
QTL was not detected. Or: of the 52 lines tested in the panel, 33 were detected to have the high protein 
QTL. All of the 33 lines that were detected to have cqProt-003 also had the PI 468916-like genotype, 
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from the CCT marker. Nineteen accessions did not have the cqProt-003 QTL.  Of these 19 accessions 
without the cqProt-003 QTL, 15 of them had the Williams 82-like genotype at the CCTmarker. 
The marker results of the Glyma.20G85100 insertion / deletion variant thus correlate well to results from 
Phansak et al. (2016) of the presence of cqProt-003. Although there were four incidences where the 
results did not match, this leads us to conclude that the structural variant at Glyma.20G85100 is 
potentially responsible for conferring the high protein phenotype found at cqProt-003. A gel image 
showing screening of some of the Glycine max lines is shown in Figure 4.6. The maker results for all 
Phansak et al. (2016) accessions tested are available for both the LIMmarker and the CCTmarker in Table 
4.2 
Verifying PI 423954 
Of the 52 lines in the panel, four of them did not conform to the expected pattern of having the PI-
468916-like genotype for the CCTmarker when the high protein QTL was detected.  PI 423954 is one of 
these lines in which Phansak et al. (2016) did not detect a high protein QTL in the cqProt-003 interval; 
however, the Glyma20G085100 marker did detect the high protein PI 468916-like genotype (insertion 
into Williams 82). Because we have found that having the PI 468916-like genotype at Glyma.20G85100 
corresponds to having the high protein phenotype at cqProt-003, PI 423954 was chosen for additional 
testing to determine why it was not fitting with this pattern. 
A population was developed by R. Ward by crossing PI 423954 with Williams 82.  This F2 population 
was then grown in the field and plants were individually sampled and genotyped with the 
Glyma20.085100 marker.  Plants from this F2 population were then individually harvested and threshed.  
Seed composition was measured for this F2 population using Near-Infrared spectroscopy (NIR) (Perten 
DA 7250)  and the protein content of the different genotypes (homozygous PI 468916-like, homozygous 
Williams 82-like or heterozygous) was compared to determine if there is a correlation between having the 
PI 468916-like genotype at Glyma.20G85100 and high protein seed (Figure 4.7). This PI 423954 F2 
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population has significantly higher protein seed content in plants that are homozygous for the PI 468916-
like genotype using the co-dominant PCR deletion marker for Glyma.20G85100.  An ANOVA test was 
performed on these data which showed significance (F = 6.988, p= 0.00156). This shows that at least one 
of the three categories of genotype is different from the others.  A post hoc Tukey test was performed 
which showed that the plants that had a homozygous PI 468916-like genotype had a higher seed protein 
content than both the plants with a heterozygous genotype (p=0.0162889) and the plants with a Williams 
82-like genotype (p=0.0010781) at Glyma.20G85100  (Figure 4.7).  Because the F2 population between 
PI 423954 and Williams 82 showed a significant protein increase in the plants which had a homozygous 
PI 468916-like genotype, we determined that the high protein effect was strongly associated with the 321 
bp deletion in Glyma.20G085100 relative to the Williams 82 reference found in PI 424954.  It is possible 
that the QTL should have been detected in PI 42954 but was not because of environmental or field 
conditions in the year that it was grown.  As was previously discussed protein content is highly variable 
with regards to environmental conditions. 
Further marker testing 
To test whether other lines which had been phenotyped as being high protein also had the putative high 
protein allele at the CCTmarker, an additional 200 Glycine max accessions as well as 50 Glycine soja 
accessions from the soybean collection were screened with the CCTmarker marker (Table 4.4).   These 
results show that while many of the high-protein Glycine max lines contained the PI 468916-like 
genotype at this location, and the marker is thus a strong predictor of high seed protein content, there were 
a number which did not have the PI 468916-like genotype.  The seed protein phenotyping of these 
accessions was obtained from data available from the Germplasm Resources Information Network 
(GRIN). Because the evaluation of the seed protein phenotype was not necessarily performed under the 
same conditions (Nelson et al., 1987; Hill et al., 2001; Hill et al., 2005; Peregrine et al., 2008; Hill et al 
2008), direct comparisons cannot be made, however general information can be gained about the protein 
content of the soybean seed as well as genotype.  Additionally, another 50 G. soja lines were genotyped 
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with the CCTmarker.  All 250 of the high protein accessions chosen were shown to have the PI 468916-
like allele, except for two that had failed DNA extractions and therefore were not genotyped (Table 
4.5).  This implies that the PI 468916-like allele is near-ubiquitous among high protein soybean 
accessions. It can also be inferred from this result that additional G. soja accessions would also have the 
PI 468916-like genotype and the PI 468916-like genotype is the ancestral form of this gene.    
Sequence of the Glyma20G85100 PI 468916-like variant 
The strongly associated allele for high protein in cqProt-003 is therefore the 321 bp deletion relative to 
Williams 82, detected by the CCTmarker.  The 321 bp sequence that we found to be present in Williams 
82, but not most high protein lines, has a high degree of sequence homology to previously annotated 
transposon sequences.  When searched against the soybean transposon database (TEdb) (Du et al., 2010), 
the 321 bp sequence matched with 100% identity to 17 distinct annotated transposons (Table 4.6).  Of 
these transposons 16 were class I retrotransposons, however there was one class II DNA transposon (Du 
et al., 2010).  The DNA transposon, DTM_uuu_GM12-55, is in the order Terminal Inverted Repeats 
(TIR) and the Mutator super-family.  Of the 16 annotated Class I transposons with 100% identity six of 
them were in the order Long Terminal Repeat (LTR).  The LTR transposons are three in the Gypsy super-
family and three in the Copia super-family.  There were also ten transposons in the Long Interspersed 
Nuclear Element (LINE) order.  All of the LINE elements were in the L1 super-family. 
To further analyze the sequence of the insertion, BLASTx (Altschul et al., 1997) was used to search for 
homology between the insertion sequence and annotated protein coding sequences.  In the non-redundant 
protein (nr) database (https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/) 76 annotated 
proteins had a greater than 90% identity to the 321 bp insertion sequence.  Greater than 98% identity are 
shown in Table 4.7.   Of these 18 were from proteins annotated as LINE-1 retrotransposable elements 
ORF 2 or LINE-1 reverse transcriptase-like. Two additional annotated proteins suggested they were 
related to retrotransposable elements: reverse transcriptase family member and retrovirus-related Pol 
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polyprotein from REI.  Two of the annotated proteins were the protein in which the sequence was 
discovered, Glyma.20G.085100.  The remaining 55 annotated protein coding sequences with above 90% 
identity to the 321 bp insertion were not from retrotransposons but were from other annotated proteins in 
Glycine soja. Also, all investigated accessions of the ancestral species Glycine soja have the “deletion” 
relative to the reference, i.e. they do not have the 321 bp transposon-like insertion. Therefore, the 321 bp 
sequence is likely an insertion of a transposon fragment in Williams 82 and other low-protein genotypes, 
rather than a deletion in the high protein genotypes. 
Linkage Disequilibrium surrounding the Glyma.20G085100 variant 
To visualize the haplotypes in the vicinity of the insertion in Glyma.20G085100, a pairwise analysis of 
Linkage Disequilibrium (LD) as an R2 value was calculated for the SNPs on either side of the CCT 
marker for the panel of accessions, corresponding to a physical distance of 2.5Mb from 30,662,956 to 
33,121,197.  The SNP data for the panel was generated using the SoySNP50k array to genotype the 
soybean germplasm collection (Song et al., 2013) (data available at https://soybase.org/snps/). These R2 
values were visualized as a heat map and plotted to show the relationship of each SNP to other SNPs 
(Figure 4.8).  The R2 value shows the probability of each individual SNP to be inherited along with every 
other individual SNP in the panel. The large red triangle in the center of the plot shows the extent of 
linkage for markers on either side of the CCT marker.  Each of these SNPs in the red triangle is in 
complete linkage disequilibrium with each of the other SNPs within the red triangle.  For example, if one 
of these SNP markers were used for selection in a breeding program, all of the SNPs within the red 
triangle would be equally selected for, as no recombinations have occurred between these SNPs since the 
common ancestor of the lines used for the study. 
The CCTmarker was coded as if it were a SNP for each accession in the soybean panel into the SNP 
matrix which was used for the previous LD analysis of SNPs surrounding the Glyma.20G85100 
insertion.  LD was recalculated as an R2 value to include the CTTmarker and plotted as a heat map in the 
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same manner (Figure 4.9).  The new plot shows a yellow band in the center of the red triangle from the 
addition of the CCT marker.  This yellow band indicates that the CCTmarker has a lower R2 value in 
relation to the SNP markers on either side of it.  The much lower R2 measurement, represented by yellow 
in Figure 4.9 indicates that the Glyma.20G085100 insertion is not completely in linkage disequilibrium 
with, or inherited along with, the SNP markers immediately flanking it. Importantly, this indicates that 
none of the surrounding SNPs are strongly associated with the high protein phenotype, making it likely 
that the transposon insertion in Glyma.20G085100 is the cause of the low protein phenotype in most elite 
soybean lines. 
Haplotype Analysis 
Haplotype analysis was performed on the SNP data for the accessions included in the LD analysis. This 
analysis of the two SNPs on either side of the CCT marker showed that there were three haplotypes 
present in the panel.  Haplotypes were 1) Williams 82-like across all 4 SNPs on either side of the CCT 
marker as well as at the Glyma.20G085100 variant (approximately 25%); 2) PI 468916- like across the 4 
SNPs as well as the Glyma.20G085100 variant (approximately 25%); and 3) Williams 82-like across the 
4 SNPs except for the introduction of PI 468916-like (deletion-type) allele at the Glyma.20G085100 
variant (approximately 50%).   In these lines the haplotype is Williams 82-like except for the 
Glyma.20G085100 deletion.   The haplotypes of each accession are shown in Table 4.2. Of the lines 
additional lines tested 161 were Williams 82-like across all 5 markers.  An additional 52 were Williams 
8+2-like for the SNP marker but PI 468916-like for the CCTmarker. Five samples were Williams 82-like 
for the SNP markers and heterozygous for the Glyma.20G085100 marker.  One sample was PI 468916-
like for the SNP markers, but heterozygous for the CCTmarker.   An additional eight samples were all 
Williams 82-like for the SNPs, but had no data for the CCTmarker.  These haplotypes can be found with 
the marker data related to the individual accessions in Table 4.2 and 4.3. This indicates that the insertion 
is present and absent within the Williams 82-like haplotype. 
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Principal Component Analysis 
Principal Component Analysis (PCA) was performed on genome-wide SNPs within the SoySNP50k array 
set (Song et al., 2013) for the accessions with marker data for the CCT marker, i.e., the accessions that 
were originally tested with both the CCT marker and the LIM marker, as well as the additional G. max 
accessions which were tested with the CCT marker.  The distribution of haplotypes is most easily 
visualized by plotting PCA 1 against PCA 3 (Figure 4.10).  PI 468916 is included as a Glycine soja 
outgroup, and as expected is distant from the other lines which are all Glycine max lines.  The lines which 
contain the inserted fragment, and lack it, are distributed throughout the cloud, yet the lines with the PI 
468916-like haplotype are peripheral. The distribution of the haplotypes shows that the individuals 
carrying the insertion or deletion alleles are not clustered as a result of common ancestry or population 
structure, and are consistent with the insertion in the Williams 82-like haplotype being unstable.  
Comparison of Danbaekkong 
The cultivar Danbaekkong (PI 619083) also contains a high-protein QTL on chromosome 20 (Warrington 
et al., 2015).  It was previously unknown if the high protein QTL in Danbaekkong on chromosome 20 is 
allelic with the QTL on chromosome 20 in PI 468916. The high protein locus from Danbaekkong has 
been found to increase protein content without decreasing yield in the southern USA, differing from what 
has been show with germplasm developed with the PI 468916 source, which carries a yield penalty 
(Sebolt et al., 2000); however, a yield penalty was observed in the northern USA (Brzostowski, Pruski, 
Specht, & Diers, 2017),. We tested Danbaekkong with the PCR marker for the structural variant at 
Glyma.20G085100 and found that Danbaekkong contains the same genotype at this locus as PI 
468916.  Thus, we believe that the high protein QTL allele on chromosome 20 in Danbaekkong lacks the 
insertion and has the same genetic basis for the high protein phenotype as the QTL allele found on 




Transgenic Assay Design 
In order to confirm that the structural variant at Glyma.20G085100 is causative for the high protein 
phenotype in cqProt-003, transgenic plants were generated.  Because of the degree of homology between 
Glyma.20G085100 and its homeolous region on chromosome 9, the 300 bp region that was least similar 
to its homeologous chromosomal region was chosen in the 5’ UTR of Glyma.20G085100 (sequence in 
Appendix B).  A hairpin loop construct designed to knock down expression of the Glyma.20G085100 
gene was driven by a CaMV 35S promoter. Transgenic plants were created by Agrobacterium 
transformation of the Thorne genetic background (a low-protein background containing the inserted allele 
of the gene) by the Clemente Lab at the University of Nebraska in Lincoln. An illustration showing the 
location of the 300 bp region in Glyma.20G085100 is shown in Appendix C. 
Transgenic plant growth and genotyping 
T2 seed from two events, designated 1146-5 (populations T1 -4, T1-5 and T1-8) and 1157-1 (populations 
T1-1, T1-3 and T1-4), were grown in the greenhouse. The T1 plant is the first generation that was 
regenerated from somatic tissue culture, the T2 seed that was planted is the seed from the plants which 
were regenerated, thus the T2 is expected to segregate for the transgene insertion (s). Leaf tissue from 
small leaves was collected and DNA was extracted. These plants were genotyped to determine the 
presence of the transgene in each plant.  Presence of the transgene was tested using a PCR marker which 
had primers designed inside the transgene construct. These markers are not codominant; they can detect 
the presence of the transgene, but cannot differentiate between a homozygous or a heterozygous state of 
the transgene.  Because the T2 seed was segregating, we expected a ratio of 75% with the transgene and 
25% null for the transgene. The seed was then harvested and single- plant threshed by hand so protein 
content could be measured via NIR (Near Infra-Red Spectroscopy) (Perten DA 7250).  Additional testing 
for the transgene was performed using leaf painting with Finale (glufosinate) to detect the herbicide 
resistance marker within the transgenic construct, and progeny tests were performed to check zygosity 
86 
 
status of the transgene. The transgene construct contains herbicide resistance to glufosinate, so presence 
of the transgene can be confirmed through treating seedlings with dilute glufosinate. 
 NIR of transgenic seed 
Individually threshed seed from the following T2 populations of the two events1146-5 (populations T1 -4, 
T1-5 and T1-8) and 1157-1 (populations T1-1, T1-3 and T1-4) were measured for protein content using 
NIR. Seed protein measurements from one population from each event (1146-5 T1-4 and 1157-1 T1-3) as 
well as results from genotyping is shown in Table 4.8 and 4.9. When the marker data and composition 
data were compared, the plants from the populations 1146-5 T1-8, 1146-5 T1-4, 1157-1 T1-3, and 1157-1 
T1-4 showed an increase in seed protein for the plants that contained the transgene (Figure 4.11 and 
4.12,).  Few null segregants were detected, likely because the transgene is present in multiple, unlinked 
copies.  Two populations had significantly higher seed protein (significant at p<0.01) and one population 
was significant at p=0.05.  For population 1157-1 T1-3 the group where the transgene was detected had a 
significantly higher protein content than the null segregants (p<0.05). For population 1146-5 T1-4 the 
plants where the transgene was detected had a significantly higher protein content than the null segregants 
(p<0.01). Population 1146-5 T1-5 was found to have a statistically significant higher amount of seed 
protein in the segregants where the transgene was detected than the null segregants (p<0.01). Because of 
the low number of null segregants detected we are not about to fully quantify how much more protein the 
transgenic plants have and what might be attributed to environmental effects of growing the plants in the 
green house, however a more accurate result can be obtained in further generations when homozygous 
transgenics are available. Population 1157-1 T1-4, while a trend of having higher seed protein was 
detectable, it was not statistically significant. Also, population 1146-5 T1-8 showed a trend of lower seed 
protein composition in the presence of the transgene. The seed from this population appeared to have 
more disease issues which could have been caused by environmental issues and variation in the 
greenhouse.  Even though statistics within one segregating event did not yield a significant result due to 
few null segregants, the difference between the two events with high-protein phenotypes and either the 
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event without a high protein phenotype or the background type is statistically significant. Thus, a knock-
down construct to reduce expression of the low-protein version of the Glyma.20G85100 gene is capable 
of increasing seed protein concentration. As a result, we determined that the insertion / deletion variant in 
Glyma.20G85100 is likely the cause of the low/high protein phenotype and worth further investigation. 
Seed Weights 
To ascertain if the transgene caused any changes in seed weight, the weight of 100 seeds was taken of 
some of the populations that were grown. In soybean, 100 seed weights can vary widely, 4.59g to 40.35g 
in the Chinese land race populations (Zhang et al., 2015). In studies measuring multiple yield 
components, seed mass was found to range from 10.5 to 16.6 g 100 seed-1  (Pedersen & Lauer, 2004) and 
10-22 grams 100 seed-1 (Liu et al., 2018).  In the transgenic populations that were grown in the 
greenhouse, the seed was found to have 100-seed weights ranging from 13.92 g 100 seeds-1  to 27.11 
g/100 seeds-1, placing them clearly within an acceptable weight range.  Some plants had a lower yield, 
probably as a result of poor greenhouse location, and therefore only 50 seeds were weighed for those 
individuals. Seed weights for the entire yield of each plant were also taken, with the exception of 
populations 1146-5 T1-4 and 1146-5 T1-5 because they were planted before seed weighing took 
place.  Individual seeds were also weighed for two populations. An ANOVA of the seed weights for both 
of these populations showed significant differences in the plants’ seed weights (p=0.05), but the least 
square means separation did not show a consistent separation between the plants where the transgene was 
detected and the plants where the transgene was not detected. Boxplots of both 1146-5 T1-4 and 1157-1, 
T1-3 individual seed weights are shown in Figure 4.13 and 4.14.  A compact letter display (CLD) 
showing the least square means for both populations is available in Appendix A.   Because the seed 
weights did not deviate from what is generally considered acceptable, and their means do not separate 
between null and transgenic, we do not believe that the transgene severely impacted plant performance in 
the greenhouse, and the differences in seed weight represent biological variation due to growth in the 
greenhouse. The mean of 100 seed count weights of population 1157-1 T1-3 where we have detected the 
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transgene is 17.19 g and where we do not detect the transgene it is 19.04 g.  For population 1146-5 T1-4 
the mean of the 100 seed count weights for plants where the transgene was detected was 23.13 g and for 
plants where the transgene was not detected it was 20.22 g.  While these values are not representative of 
field weights, they are within or greater than the values for soybean 100 seed count weights reported by 
Pedersen and Lauer (2004) and Liu et al. (2018). 
Preliminary Expression Data 
RNA was extracted from soybean embryos from plants which had been genotyped as either having the 
transgene or null for the transgene.  RTqPCR was performed on these samples to determine the relative 
expression levels of Glyma.20G085100 (Figure 4.15).  The expected results would be that the null plants 
would have significantly higher expression of Glyma.20G085100 than the plants that had the transgene, 
and therefore had knocked down expression of Glyma.20G085100 from the RNAi construct.  Four 
biological replicates and four technical replicates were performed for each sample. The null plants were 
not found to have a higher expression of Glyma.20G085100 than the transgenic RNAi knockdown plants.  
This is likely due to the primers for the expression assay being designed within the same region as the 
RNAi construct, the only unique region. 
 
DISCUSSION 
The evidence from the marker data clearly shows that the insertion / deletion variant at Glyma.20G85100 
is most likely the cause of the high protein phenotype in the high protein QTL, cqProt-003.  The larger 
insertion, while initially more interesting because of its removal of most of the Glyma.20G85200 gene, 
did not correspond to the presence of cqProt-003.  The marker data for the genotypes at Glyma.20G85100 
fit perfectly with the detection of cqProt-003, except in three cases.  When one of those was further 
examined, through backcrossing it in Williams 82 and then subsequently genotyping and phenotyping the 
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resulting F2 population, the high-protein genotype (deletion at Glyma.20G85100) was segregating with 
the high protein phenotype at a significant level. These data are compelling evidence that the variant at 
Glyma.20G85100 is strongly linked to the high protein phenotype.  Even when the genotype did not 
initially fulfill the pattern of being PI 468916-like when the cqProt-003 QTL was detected, as was found 
in the case of PI 423954, further study confirmed that the line was probably incorrectly phenotyped or 
mislabeled at an earlier research stage.     
I hypothesized that the insertion of a transposon-like fragment into Glyma.20G85100 is causing a gain of 
function that results in a lower protein level in the Williams 82 reference genotype. Figure 4.15 shows an 
illustration of the two hypotheses. If the deletion is causing a loss of function in the Williams 82-like low 
protein lines, knocking down the expression of Glyma,20G085100 through transgenics will not alter the 
protein of the seed.  If the insertion into Williams 82 is a gain of function causing a low protein 
phenotype, the transgenic assay design of an RNAi construct within this gene should therefore cause a 
normal “low protein” soybean to become high protein with the presence of the transgene.  Therefore, 
because the presence of the knock-down transgene (within the low protein background Thorne) causes an 
increase in protein, the inserted gene in the non-transgenic plants is actively driving lower protein levels, 
and the insertion must be a gain of function. 
The available transgenic data also supports the conclusion that the variant at Glyma.20G85100 is the 
causative allele for the high protein phenotype. The populations tested show statistically significant higher 
protein seed, as measured by NIR, in plants where the transgene was present in three of the populations 
tested.  One population showed a trend of higher seed protein, but the trend did not reach significance, 
and one population did not show a trend towards a higher seed protein content in the presence of the 
transgene. It is likely that these that did not show an increase in protein because of disease pressure or 
poor environmental conditions in the greenhouse. This increase of protein content in three of the 
populations of transgenic plants, combined with the F2 marker segregation and protein phenotype data in 
a biparental population, as well as the marker data for the panel of soybean accessions where the cqProt-
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003 QTL was detected, lead us to conclude that the insertion/deletion variant at Glyma.20G85100 is 
causative for the high protein phenotype conferred by cqProt-003. 
This variant in Glyma.20G85100 is a 321 bp insertion into Williams 82, and not a deletion in the high 
protein line, because all of the Glycine soja lines tested have the PI 468916-like genotype. This is enough 
evidence to conclude that the ancestral genotype is the PI 468916-like genotype. 
The 321 bp insertion into Williams 82 and the other soybean accessions with the low protein phenotype is 
most likely a result of transposon activity.  The sequence of the 321 bp insertion is highly repetitive and 
found throughout the Williams 82 reference genome.  This insertion sequence has a high sequence 
identity to annotated transposon sequences (Table 4.6).  While the transposons that are represented in the 
list of the highest percent identity transposons are primarily retrotransposons, there is also a DNA 
transposon represented. It is possible that the 321 insertion is a fragment from a non-autonomous 
Mutator-like transposable element (MULE) which has been picked up by a retrotransposon and left as an 
insertion in the Williams 82-like gene, causing the low protein phenotype.  Non-autonomous MULEs 
have been shown to move fragments of host genes and are thought to drive the creation of new genes 
through the movement of genomic sequences (Jiang, Bao, Zhang, Eddy, & Wessler, 2004). The MULE 
like non-autonomous element could therefore be excised from the low protein Williams 82-like 
accessions at some low frequency, causing them to revert to a high-protein phenotype.   
Additionally, this explanation of the 321bp insertion into Williams 82 being a non-autonomous MULE 
would explain the result that there are three haplotypes present.  The haplotypes are a Williams-82 like 
haplotype, a PI 468916-like haplotype and a haplotype that is Williams 82-like across the SNP data but is 
PI 468916-like at the insertion marker. The haplotype where the SNP data is entirely Williams-82 like 
and the insertion is lacking could be resulting from the insertion being excised occasionally and reverting 
to the original, PI 468916 version of the gene, while the flanking SNPs remain as in Williams 82. This 
plus the PCA analysis in Figure 4.10 provide evidence that the low-protein genotype reverts to the high-
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protein genotype at some frequency, creating heterogeneity within the low-protein elite soybean 
population at this locus.  
This unusual haplotype pattern could also help to explain why this gene was never detected through 
GWAS. Because the insertional variant at Glyma.20G85100 is not in LD with the surrounding SNPs, 
GWAS, while able to detect the interval as correlated with high protein, was not able to identify a SNP 
close to Glyma.20G085100  as being in strong association with the high protein phenotype. This also 
explains why the region that was fine mapped by Ward (2016) was not consistent with previous GWAS 
studies (Vaugh et al., 2014; Hwang et al., 2014; Bandillo et al., 2015). This problem was solved through 
the use of near isogenic lines (NILs) of the high protein allele from PI 468916 backcrossed into A81-
356922, that allowed Ward (2017) to accurately narrow the region to the three candidate genes 
investigated in this study using a biparental population.  GWAS studies were fundamentally unable to 
locate the variant due to the many generations since the diversity panel was created giving rise to a 
number of revertants at the locus, while the creation of the biparental population did not allow sufficient 
time to allow reversion to occur.  
Knowing the gene expression behavior in Glyma.20G085100 RNAi transgenics could help to strengthen 
out hypothesis that this locus is affecting protein levels. The preliminary expression data is detecting not 
only the expression of Glyma.20G085100 but also the RNAi knockdown. If the insertion into 
Glyma.20G85100 is a gain of function mutation that results in a lower protein seed, the transgenic plants 
should have a lower gene expression and then seed protein should be higher. Efforts to measure the effect 
of the transgene on Glyma.20G85100 expression were inhibited by the highly repetitive nature of the 
Glyma.20G85100 gene, and the high level of nucleotide identity to its homeologous region.  The only 
area primers were able to be designed that would amplify specifically enough was in the region where the 
transgene hairpin construct was designed, making it impossible to detect the target gene without also 
detecting the hairpin.  A TaqMan (Applied Biosystems) assay has been designed with a probe that will 
span two SNVs within Glyma.20G85100. This TaqMan assay of Glyma.20G85100, along with a TaqMan 
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assay of the housekeeping gene, should produce a more precise quantification of the relative amplification 
of Glyma.20G85100.  If the relative expression of Glyma.20G85100 is knocked down to a dramatically 
lower level in the transgenic plants, (which are higher protein) that would be further support to the 
hypothesis that Glyma.20G85100 is the genetic cause of higher protein levels associated at cqProt-003. 
To continue to strengthen the evidence that the variant in Glyma.20G85100 causes a higher protein 
phenotype, further transgenic events could be evaluated, and crosses could be made into standard 
breeding lines so that the transgene can be evaluated on a larger scale, including under in-field conditions. 
Further work could also be done to use CRISPR/Cas9 to alter Glyma.20G85100 to knock out the inserted 
version of the gene, generating higher protein lines in already commercially available elite lines (that are 
high yielding and have necessary disease resistant genes already introgressed into them, and are locally 
adapted to individual soybean producing areas) to presumably increase proteins in material that is already 
suitable for the markets, providing an efficient way to engineer currently economically successful 




MATERIALS AND METHODS 
 
Sequence comparison of PI 468916 and Williams 82 
Sequences of WGS scaffolds of PI 468916 were compared to the reference Williams 82 using Geneious 
11.1.5 software (Auckland, New Zealand). The sequences from PI 468916 were mapped to the reference 
Williams 82 and examined for SNV and structural changes in genic regions. 
Candidate genes overview 
Candidate genes within the interval where cqProt-003 was mapped were analyzed as annotated on 
phytozome.jgi.doe.edu (Goodstein et al., 2011) for the Williams 82 second assembly (Wm82.a2.v1) 
(Schmutz et al., 2010). Exon number and boundaries were used as annotated on 
phytozome.jgi.doe.gov.  Functional annotations (Pfam, GO terms, KOG, Panther) were also taken from 
phytozome.jgi.doe.gov. Expression information was used from the JGI Plant GeneAtlas (unpublished). 
Plant materials and DNA Extraction 
Transgenic seeds were surface sterilized in 10% bleach and germinated in germination 
paper.  Germinated disease free seedlings were transplanted at 5 days into Vodkin mix soil (Vodkin mix 
is a 2:1 soil mixture of soybean mix : universal mix.  Soybean mix consists of 1:1:1 soil:perlite:torpedo 
sand; universal mix is 1:1:1 soil:peat:perlit)  in 12 inch pots. Plants were grown at the 14.75 hour day 
length with temperature ranges as follows: DAY: 82.4-86.0F NIGHT: 73.4-78.8F.  DNA extraction was 
performed on young trifoliate leaf tissue.  Tissue was lyophilized and DNA was extracted using a 
modified protocol from (Keim et al., 1988). 
Genotyping with Glyma.20G85100 and Glyma.20G85200 markers 
PCR-based markers were run using a 20ul PCR protocol of 1ul 5uM forward and reverse primers, and the 
components from the TaKaRa DNA polymerase kit (TBSUSA Mountainview, CA): 0.1 ul TaKaRa 
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ExTaq DNA polymerase, 1.6 ul dNTP, and 2uL10x buffer with 1ul of a 5-fold diluted template 
DNA.  PCR amplicons were visualized on a 1% agarose electrophoresis gel ran at 100V for 30 minutes 
(Bio-Rad Hercules, CA). 
Linkage Disequilibrium analysis 
Linkage disequilibrium was calculated as a pairwise R2  value from SNP markers on either side of the 
CCT marker for the panel of accessions using the R package genetics (Warnes, 2003).  The SNP data for 
the panel was generated using the SoySNP50k array to genotype the soybean germplasm collection (Song 
et al., 2013) (data available at https://soybase.org/snps/). These R2 values were visualized as a heat map 
and plotted to show the relationship of each SNP to each other SNP using the R package LDheatmap 
Haplotype analysis 
The SNP data was converted into a 0,2 coded matrix based on copies of the reference allele.  For 
example, a homozygous Williams 82 allele is coded as a 2 for having 2 copies of the reference allele, 
while a PI 418916 homozygous allele is coded as a zero.   A heterozygous allele would be coded as 1.  
Two SNPs on one side of the indel were excluded because they were the same between Williams 82 and 
PI 468916 (both zero) and therefore uninformative.   One SNP on the other side of the indel was excluded 
from the analysis because it was heterozygous in PI 468916.  Heterozygous SNPs are were excluded 
because of the difficulty in knowing if they are truly heterozygous or are only scored as heterozygous as a 
result of the large degree of homogology between homeolgous chromosomes.  For the remaining SNPs, 
any line with a missing data point was excluded from the analysis.   
 PCA 
PCA analysis was performed and visualized using SNPrelate package in Bioconductor for R (Zheng et al., 
2012).  SNP data for the whole genomes was generated from the SoySNP50k SNP data (Song et al., 
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2013) (data available at https://soybase.org/snps/). The panel of accessions used was all of the accessions 
for which marker data for the CCT marker was available. 
Transgenic plant growth and genotyping 
T2 seed from two events, 1146-5 (populations T1 -4, T1-5 and T1-8) and 1157-1 (populations T1-1, T1-3 
and T1-4), were grown in the greenhouse. Plants were grown at the 14.75 hour day length with 
temperature ranges as follows: DAY: 82.4-86.0F NIGHT: 73.4-78.8F.  Leaf tissue from small leaves was 
collected and DNA was extracted (Keim et al., 1988). These plants were genotyped to determine the 
presence of the transgene in each plant.  Presence of the transgene was tested using a PCR marker which 
had primers designed inside the transgene construct. These markers are not codominant and detect the 
presence of the transgene, but is unable differentiate between a homozygous or a heterozygous state of the 
transgene.  Because the T2 seed was segregating, we expected a ratio of 75% had the transgene and 25% 
null for the transgene. The seed was then harvested and single plant threshed so protein content could be 
measured via NIR (Near Infra-Red Spectroscopy).   
Phenotypic marker of transgenics 
Seedlings of the progeny of the T2 transgenic plants were treated with glufosinate to test for the presence 
of the transgene in the previous generation.  A 100x dilution of Finale, a commercial formulation of 
glufosinate was used (BASF, Ludwigshafen, Germany).  A 0.25% (v/v) of a nonionic surfactant 
(Activator 90; Loveland Products Inc.) was added to enhance leaf wetting. First trifoliate leaves were 
painted with the herbicide across the leave. Bands of leaf chlorosis and necrosis were scored after 5 days.  
Appendix D contains photos of plants which have been treated with the diluted glufosinate.   
NIR protocol 
Seeds from individual plants had protein content measured.  Threshed seeds were poured in a disposable 
plastic food grade cup and protein content was measured using Near Infra-Red Spectroscopy (NIR) on the 
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NIR instrument (Perten DA 7250, Stockholm, Sweden).  Seeds which had visible mold, had begun to 
germinate, or were damaged were excluded from the measurement.  Seeds were measured using the dry 
basis protocol which assumes the seeds are dry and measures only the dry matter of the grain.  The seeds 
were repacked and protein content was measured a second time and averaged.  
Seed Weights 
Seeds were individually weighed (Mettler Toledo PG1003-S, Columbus, OH). Seeds which had begun to 
germinate, had visible mold, or were damaged were not weighed. 
RNA extraction and RTqPCR 
Soybean embryos were harvested and immediately frozen in liquid nitrogen.  Samples were then ground 
using the Qiagen TissueLyzer II (Hilden, Germany) for 90 seconds, submerged in liquid nitrogen and 
ground another 90 seconds.  RNA was then extracted from ground tissue using the Qiagen RNeasyPlant 
Kit (Hilden, Germany). RNA integrity was determined by visualizing intact 18S and 28S ribosomal bands 
on a 10X MOPS denaturing gel (Sambrook & Russel, 2001). The concentration of the isolated RNA was 
measured on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
Genomic DNA was removed from RNA preparations through with DNaseI (New England Biolabs, 
Ipswich, Massachusetts), and reprecipitating in 100% Ethanol and 1/10 volume Sodium Acetate. The 
cDNA was made from RNA using the High-Capacity cDNA Reverse Transcription Kit from Applied 
Biosystems (Foster City, CA). RTqPCR was performed using the EvaGreen qPCR Master Mix (Biotium, 
Fremont, California) on the Roche LightCycler 480 (Basel, Switzerland) in 384 well LightCycler 
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Table 4.1: Annotated genes in the cqPROT-003 interval 




Glyma.20G085100 PTHR21506 PANTHER COMPONENT OF OLIGOMERIC GOLGI 
COMPLEX 6  
PF06419 PFAM Conserved oligomeric complex COG6  
GO:0006891 GO The directed movement of substances within 
the Golgi, mediated by small transport 
vesicles. These either fuse with the cis-Golgi 
or with each other to form the membrane 
stacks known as the cis-Golgi reticulum 
(network) 
  GO:0017119 GO A multisubunit tethering complex of the 
CATCHR family (complexes associated 
with tethering containing helical rods) that 
has a role in tethering vesicles to the Golgi 
prior to fusion. In yeast, this complex is 
called the Sec34/35 complex and is 
composed of eight subunits (Sec34p, 
Sec35p, Dor1p, Cod1p, Cod2p, Cod3p, 
Cod4p, and Cod5p). In mammals the 
subunits are named COG1-
8.PMID:11980916 PMID:20972446 
PMID:9792665 
Glyma.20G085100 PTHR31717 PANTHER FAMILY NOT NAMED 
  PTHR31717:SF15 PANTHER CCT MOTIF-CONTAINING PROTEIN 
Glyma.20G085200 PTHR24206 PANTHER FAMILY NOT NAMED  
PF00412 PFAM LIM domain 
  GO:0008270 GO Interacting selectively and non-covalently 





Table 4.2: Fifty-three accessions that have a priori information about the status of the cqProt-03 QTL 
were genotyped for the Glyma.20G85200 and Glyma.20G85100 deletions.  The cqProt-03 status is 
indicated by an H if the high protein cqProt-03 QTL was detected.  When cqProt-003 was considered to 
be present but there was not full confirmation the lines are indicated with an H*.   The LIMmarker_1 
indicates the presence of the 8kb deletion which was located the reference accession PI 468916.  The 
LIMmarker_2 shows the presence of the annotated gene Glyma20.085200.  These are coded as a 1 if the 
genotype is the same as the high protein PI 468916 and a zero if they are the same as Williams 82.  The 
CCT marker shows the presence of the 321 bp deletion as located in PI 468916.  These are coded as a 2 if 
the accession is homozygous for the PI 468916-like allele and 0 if the accession is the Williams 82-like 
allele.  The haplotype is coded as a 2 if the haplotype is the same as the PI 468916, a 1 if the haplotype is 
the same as Williams 82 and coded as a 3 if the haplotype is Williams 82-like except for the 










PI 468916 H 1 1 2 2 
PI326582A H 1 1 2 2 
FC 30687 H 1 1 2 2 
PI91725-4 H 1 1 2 2 
PI 153293 H 1 1 2 2 
PI 153296 H 1 1 2 2 
PI 153297 H 0 0 2 2 
PI 153301 H 0 0 2 2 
PI 153302 H 1 1 2 2 
PI 154196 H 1 1 2 2 
PI 159764 H 1 1 2 2 
PI 181571 H 1 1 2 3 
PI 189880 - 1 1 0 1 
PI 189963 H 0 0 2 2 
PI 243532 H 1 1 2 3 
PI 253666A H* 1 1 2 3 
PI 261469 H 0 0 2 3 
PI 340011 H 0 0 2 3 
PI 360843 - 0 0 0 1 
PI 372423 H 0 0 2 2 
PI 398516 - 0 0 0 1 
PI 398704 H* 0 0 2 3 
PI 398881 - 0 0 0 1 
PI 398970 - 0 0 2 3 
PI 404188A - 0 0 0 1 
PI 407773B H* 1 1 2 3 
PI 407788A H 0 0 2 3 




Table 4.2 continued 
      
PI 407877B - 0 0 2 3 
PI 408138 C H 0 0 2 3 
PI 423942 H 0 0 2 3 
PI 423948A H 0 0 2 3 
PI 423949 H 0 0 2 3 
PI 423954 H* 0 0 2 3 
PI 424148 H 0 0 2 3 
PI 424286 - 0 0 2 3 
PI 427136 - 0 0 0 1 
PI 427138 H 1 1 2 3 
PI 427141 H* 1 1 2 3 
PI 437088A H* 0 0 2 3 
PI 437112A - 0 0 0 1 
PI 437169B - 0 0 0 1 
PI 437716A H 0 0 2 3 
PI 438415 H 1 1 2 2 
PI 445845 H 0 0 2 3 
PI 458256 - 1 1 0 1 
PI 518751 - 0 0 0 1 
PI 548608 - 0 0 0 1 
PI 561370 - 0 0 0 1 
Williams 82 - 0 0 0 1 
A81-355012 - 0 0 0 1 













Table 4.3: Summary of marker results 
 
 
 marker LIM  LIM  CCT CCT 
 # of accessions 468916-like W82-like 468916-like W82-like 
CqProt-003 + 33 16 17 33 0 
CqProt-003 - 19 2 17 4 15 
 
Marker results of accessions with and without the detection of the cqProt-003 QTL. Four accessions have 
the PI 468916-like genotype without the detection of the cqProt-003 QTL, however zero accessions do 








Table 4.4: Glycine max accessions screened with Glyma.20G085100 marker (CCT).  Glycine max 
accessions were screened with the Glyma.20G085100 marker to determine if they had the PI 468916 
genotype.   Glycine max accessions with the PI 468916-like allele were coded as a 0.  Accessions that 
have the Williams 82-like allele were coded with a 2.  Heterozygous samples were coded as a 1.  Samples 
that either failed in the PCR reaction or did not have DNA due to extraction or germination issues are 
coded as a ‘-’.  Protein and oil content information is provided courtesy of B.Diers.  Haplotypes are coded 
as follows 1: Williams 82-like across all 5 markers, 2: PI 468916-like across all 5 markers, 3: Williams 
82-like for the 4 SNP markers and PI 468916-like for the Glyma.20G085100 marker. 4: Williams 82-like 
for the 4 SNP markers and heterozygous for the Glyma.20G085100 marker. 
 Accession ID Protein Oil 85100 marker Haplotype 
PI165583 49.2 11.2 0 3 
PI578316C 48.5 15.1 0 3 
PI194773 49.4 13 0 3 
PI566978 48.5 15.5 0 3 
PI326578 50.1 13.7 0 3 
PI339734 50.4 10.9 0 3 
PI342434 52.1 10.1 0 3 
PI437377 49.6 15.3 0 3 
PI603337A 50.3 14.9 0 3 
PI437916 48.9 14.4 0 3 
PI593982 53.1 13.4 0 3 
PI603722 53.4 12.1 0 3 
PI507017 52.3 11.9 0 3 
PI509113 49.7 11.8 0 3 
PI532441A 48.6 20.5 0 3 
PI561389B 49 13.7 0 3 
PI597486 48.3 15.3 0 3 
PI567361 50.7 15.9 0 3 
PI567366A 52.7 16.1 0 3 
PI567632B 50.4 14.5 0 3 
PI567614C 50.2 16 0 3 
PI612759A 50.9 12.4 0 - 
PI084682 45 19 0 3 
PI157421 45.4 16.9 0 3 
PI578313B 45.1 10.4 0 3 
PI587972 45.1 14 0 3 
PI437783 45.2 12.5 0 3 
PI346308 45 15.7 0 3 
PI438376 45.1 16.8 0 3 
PI424608B 45 14.3 0 3 
PI562387 45.3 11.3 0 3 
PI549021A 45.5 14.6 0 3 
PI082302 45.3 17.6 1 4 
PI437800 45.2 12.9 1 4 
PI438282B 45.4 12.7 1 4 
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Table 4.4 continued 
     
PI407814-1 49.6 15.5 - - 
PI438440-2 48.1 13.3 - - 
PI497966 49.8 14.2 - - 
PI504288 50.4 8.2 - - 
PI549018 48.7 10.1 - - 
PI587621 45.2 16.8 - - 
PI594397A 45.5 18.1 - - 
PI165674 45.3 17.5 - - 
PI468374B 45.1 15 - - 
PI578478B 45.4 16.9 - - 
PI342619A 53.9 13.3 2 1 
PI597394 53.8 16.1 2 1 
PI578482A 53.4 15.9 2 1 
PI468908 53.1 12.7 2 1 
PI200462 52.4 17 2 1 
PI592909 51.9 16.8 2 1 
PI567342 51.9 14.3 2 1 
PI594491 51.8 13.2 2 1 
PI603429A 51.3 17.1 2 1 
PI578375B 51.2 15.8 2 1 
PI594471E 51 15.6 2 1 
PI603698G 50.9 17.2 2 1 
PI549045A 50.6 8.2 2 1 
PI567261C 50.5 17.3 2 1 
PI423831 50.3 12.8 2 1 
PI086490 50.2 9.8 2 1 
PI567576 50.2 16.7 2 1 
PI603162 50.2 14.5 2 - 
PI398633 50.1 13.5 2 1 
PI597406 49.9 16.5 2 1 
PI594307 49.8 13.8 2 1 
PI603618 49.5 13.7 2 1 
PI567510B 49.5 17.1 2 1 
PI603495A 49.5 14.8 2 1 
PI170892 49.4 14.4 2 1 
PI603673F 49.4 17.7 2 1 
PI346300 49.3 15 2 1 
PI561340 49.2 20.3 2 1 
PI567698A 49.2 15.4 2 1 
PI603588 49.2 14.1 2 1 
PI603497 49.2 12.2 2 1 




Table 4.4 continued 
 
     
PI603593 49.1 15.1 2 1 
PI567574B 49 17.9 2 1 
PI567599 49 16.1 2 1 
PI597476 49 18.8 2 1 
PI587799 48.8 15.2 2 1 
PI283327 48.8 15.6 2 1 
PI378682C 48.8 14.4 2 1 
PI424005 48.8 10.2 2 1 
PI442003B 48.8 17.1 2 1 
PI587827 48.8 15.2 2 1 
PI291288 48.7 17.4 2 1 
PI539865 48.7 19.7 2 1 
PI567514B 48.7 17.5 2 1 
PI594487 48.7 15 2 1 
PI165563 48.6 12.7 2 1 
PI572265A 48.6 16.8 2 1 
PI567489A 48.6 16.5 2 1 
PI603545B 48.6 13.6 2 1 
PI567287 48.5 15 2 1 
PI567411 48.5 17 2 1 
PI603678B 48.5 13.8 2 1 
PI603168 48.5 14.4 2 1 
PI603338 48.5 20.6 2 1 
PI587568B 48.4 14 2 1 
PI171444 48.4 11.3 2 1 
PI291309B 48.4 18.5 2 1 
PI360843 48.4 18.4 2 1 
PI567528B 48.4 16.7 2 1 
PI548608 48.4 19.1 2 1 
PI567543C 48.4 18.2 2 1 
PI567547 48.4 18.4 2 1 
PI594424 48.4 16.4 2 1 
PI507692B 48.3 18.2 2 1 
PI567540A 48.3 16.9 2 1 
PI476933 48.2 14.5 2 1 
PI437110B 48.2 14.2 2 1 
PI437112A 48.2 15.4 2 1 
PI291281 48.1 18.6 2 1 
PI567474 48.1 17.8 2 1 
PI603502C 48.1 15.4 2 1 




Table 4.4 continued 
 
     
PI189869 45.5 18.9 2 1 
PI567408 45.5 17.6 2 1 
PI567771E 45.5 18.4 2 1 
PI417058 45.5 15.5 2 1 
PI567548 45.5 15.5 2 1 
PI567234C 45.5 14.7 2 1 
PI561292A 45.5 18.9 2 1 
PI549041A 45.5 11.8 2 1 
PI587998E 45.5 18.3 2 1 
PI221714 45.4 18.8 2 1 
PI438180 45.4 16.8 2 1 
PI090369 45.4 17.9 2 1 
PI416918 45.4 17.9 2 1 
PI208203 45.4 16.7 2 1 
PI404165 45.4 15.5 2 1 
PI437910C 45.4 19.4 2 1 
PI603477A 45.4 18 2 1 
PI594511A 45.4 15.2 2 1 
PI549030B 45.4 13.2 2 5 
PI603428B 45.4 16.8 2 1 
PI592926 45.3 20.2 2 1 
PI103088 45.3 18.6 2 1 
PI417040A 45.3 19.9 2 1 
PI416853 45.3 20.3 2 1 
PI438315 45.3 17 2 1 
PI476927 45.3 15.8 2 1 
PI596540 45.3 17.3 2 1 
PI603457C 45.3 15.1 2 1 
PI468919 45.3 12.3 2 1 
PI567382B 45.3 17.1 2 1 
PI358319 45.2 18.5 2 1 
PI548492 45.2 17.3 2 1 
PI290143 45.2 17.6 2 1 
PI323556 45.2 16.7 2 1 
PI605764A 45.2 14.7 2 1 
PI542043 45.2 20.9 2 1 
PI538386A 45.2 16.2 2 1 
PI404197 45.2 17.7 2 1 
PI603405A 45.2 16.7 2 1 





Table 4.4 continued 
 
     
PI378670B 45.2 18.5 2 1 
PI518718B 45.2 20.6 2 1 
PI437236 45.2 17.4 2 1 
PI438153 45.2 16.7 2 1 
PI603654 45.2 14.2 2 1 
PI548527 45.2 18.5 2 1 
PI548440 45.2 16.4 2 1 
PI567254 45.2 19.8 2 1 
PI567346 45.2 13.4 2 1 
PI603658 45.2 14.1 2 1 
PI361065B 45.2 17.3 2 1 
PI437774B 45.1 18.4 2 1 
PI548472 45.1 16.6 2 1 
PI069995 45.1 20.2 2 1 
PI548553 45.1 19.8 2 1 
PI603460 45.1 15.4 2 1 
PI393546 45.1 15.1 2 1 
PI330633 45.1 18.3 2 1 
PI603547 45.1 14.8 2 1 
PI417550 45.1 19.2 2 1 
PI594884 45.1 18 2 1 
PI437547 45.1 17.8 2 1 
PI548656 45.1 19.1 2 1 
PI438058 45.1 16.9 2 1 
PI438090 45.1 18.1 2 1 
PI587980A 45.1 14.7 2 1 
PI567293 45.1 21.3 2 1 
PI603471 45.1 17.7 2 1 
PI437513 45 19.8 2 1 
PI561365 45 19.4 2 1 
PI174857 45 15.4 2 1 
PI361117 45 16.9 2 1 
PI437366 45 17.5 2 1 
PI399068 45 17.9 2 1 
PI437488 45 17.5 2 1 
PI552538 45 21.1 2 1 
PI567430 45 18.7 2 1 
PI567777 45 18 2 1 
PI612754 45 12.2 2 1 
PI430598A 45 16 2 1 




Table 4.5: Glycine soja accessions screened with the CCT marker. Fifty Glycine soja accessions were 
screened with the Glyma.20G085100 marker.  Forty-eight accessions contained the PI 468916-like allele 
and are coded as a 0.  The remaining two accessions failed in the DNA extraction process and are coded 
as a “-”. 
 
Accession ID CCT marker 
PI 245331 0 
PI 339871A 0 
PI 366122 0 
PI 378683 - 
PI 378684B 0 
PI 378690 0 
PI 378696B 0 
PI 378697A 0 
PI 407059 0 
PI 407085 0 
PI 407096 0 
PI 407156 0 
PI 407157 0 
PI 407171 0 
PI 407191 0 
PI 407195 0 
PI 407206 0 
PI 407214 0 
PI 407228 0 
PI 407231 0 
PI 407240 0 
PI 407248 0 
PI 407287 0 
PI 407300 0 
PI 407314 0 
PI 424007 0 
PI 424025B 0 
PI 424035 0 
PI 424082 0 
PI 424083A 0 
PI 424123 0 
PI 458536 0 
PI 464890B 0 
PI 479751 0 
PI 507618 0 
PI 507624 0 




Table 4.5 continued 
PI 522209B 0 
PI 522226 0 
PI 549046 0 
PI 562547 0 
PI 562553 0 
PI 562561 0 
PI 562565 - 
PI 597488C 0 
PI 597462B 0 
PI 639586 0 
PI 639588B 0 
PI 639621 0 
PI 639623A 0 
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Table 4.6: Transposons 











Chrom Start Position Stop Position 
RLG_Gmr9_Gm7-219 I I LTR Gypsy Gmr9 INTACT Gm07 33390971 33413582 
RIL_Gml1_Gm7-9 I I LINE L1 Gml1  Gm07 44032591 44035773 
RIL_Gml1_Gm2-5 I I LINE L1 Gml1  Gm02 13358652 13361805 
RLC_Gmr28_Gm6-4 I I LTR Copia Gmr28 INTACT Gm06 43611616 43615028 
RIL_Gml1_Gm18-3 I I LINE L1 Gml1  Gm18 45487451 45490630 
RIL_Gml1_Gm16-5 I I LINE L1 Gml1  Gm16 33820732 33823908 
DTM_uuu_Gm12-55 II I TIR Mutator Ukn  Gm12 17989101 18001123 
RLG_Gmr3_Gm18-74 I I LTR Gypsy Gmr3 INTACT Gm18 29661507 29670438 
RLG_Gmr1_Gm7-17 I I LTR Gypsy Gmr1 INTACT Gm07 31971662 31983233 
RLC_Gmr7_Gm8-9 I I LTR Copia Gmr7 INTACT Gm08 39483950 39490831 
RIL_Gml1_Gm20-10 I I LINE L1 Gml1  Gm20 36820950 36823977 
RIL_Gml1_Gm19-2 I I LINE L1 Gml1  Gm19 3469620 3472805 
RIL_Gml1_Gm18-4 I I LINE L1 Gml1  Gm18 47790168 47793350 
RIL_Gml1_Gm9-6 I I LINE L1 Gml1  Gm09 32223077 32226259 
RLC_Gmr5_Gm7-70 I I LTR Copia Gmr5 INTACT Gm07 28625175 28633577 
RIL_Gml1_Gm20-9 I I LINE L1 Gml1  Gm20 30947968 30951087 
RIL_Gml1_Gm17-6 I I LINE L1 Gml1  Gm17 38357162 38360335 
RIL_Gml1_Gm19-6 I I LINE L1 Gml1  Gm19 28797700 28800761 
RIL_Gml1_Gm13-6 I I LINE L1 Gml1  Gm13 38455839 38459015 
RIL_Gml1_Gm1-7 I I LINE L1 Gml1  Gm01 42421507 42424597 
 
The top 20 transposons with homology to the 321 bp 85100 variant.  While the majority are Class I transposons there is one Class II TIR 




Table 4.7: Protein coding regions with highest percent identity to the 85100 variant sequence 
hypothetical protein GLYMA_20G085100 [Glycine max] 100.00% 
hypothetical protein GLYMA_20G085100 [Glycine max] 100.00% 
Alcohol dehydrogenase-like 6 [Glycine soja] 100.00% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 100.00% 
Citrate synthase, mitochondrial isoform A [Glycine soja] 100.00% 
Citrate synthase, mitochondrial isoform B [Glycine soja] 100.00% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 100.00% 
putative xyloglucan endotransglucosylase/hydrolase protein 26 [Glycine soja] 100.00% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 100.00% 
hypothetical protein glysoja_043060 [Glycine soja] 100.00% 
reverse transcriptase family member [Glycine max] 98.88% 
hypothetical protein D0Y65_038993 [Glycine soja] 98.88% 
Heme-binding-like protein, chloroplastic isoform B [Glycine soja] 98.65% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 98.65% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 98.61% 
LINE-1 retrotransposable element ORF2 protein [Glycine soja] 98.57% 
 
Annotated protein coding regions with the highest identity to the 321 bp PI 468916-like variant.  The top 
two protein coding regions are Glyma.20G085100 as annotated on Wm82.a2.v1. Of these predicted 
protein coding regions six are LINE retrotransposable elements, and one additional annotated protein 














5.3 43.11 0 33.54 14.94 
5.4 42.51 0 38.45 15.13 
5.5 41.48 0 29.98 16.09 
5.6 39.09 0 41.4 15.31 
5.7 39.05 1 34.1 15.45 
5.8 42.93 0 23.38 12.47 
6.1 38.64 0 43.1 14.33 
6.2 38.46 1 26.58 18.32 
6.3* 44.75 0 6.7 2.96 
6.4 39.4 0 48.88 18 
6.5 41.27 0 54.41 16 
6.7 41.78 0 49.51 16.04 
6.8 40.69 1 51.99 18.58 
7.4 41.69 0 47.9 18.24 
7.5*  43.69 0 5.9 2.94 
7.6 43.59 0 31.47 23.19 
7.7 43.01 0 39.88 20.08 
7.8 41 0 44.7 19.41 
8.1 44 0 50.62 18.88 
8.2 39.3 0 31.54 16.71 
8.3 40.54 0 34.7 18.51 
8.4 42.41 0 69.73 18.94 
8.5 39.57 1 47.15 18.97 
8.6 41.79 1 54.24 23.88 
 
Seed weights, protein concentration and genotype for population 1157-1 T1-3.  The plant IDs indicated 
with an asterisk had fewer than 100 seeds when they were weighed.  The genotype of the plant is coded as 
a 0 when the transgene is detected, and a 1 when the transgene is not detected.  
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1.1 42.71 0 22.17 
1.2 47.01 0 25.65 
1.3 42.06 0 23.1 
1.4 40.53 0 23.14 
1.5 42.97 0 20.65 
1.6 47.05 0 24.52 
1.8 43.98 0 24.69 
2.1 49.3 0 24.39 
2.2 40.38 1 18.05 
2.3 44.11 0 19.27 
2.4 46.28 0 21.7 
2.5 47.74 0 25.72 
2.6 42.3 0 23.31 
2.7 41.76 1 22.44 
2.8 43.23 0 23.11 
3.1 41.82 0 21.67 
3.2 42.61 0 22.71 
3.3 42.72 1 20.62 
3.4 42.22 0 22.36 
3.5 39.61 0 21.29 
3.6 43.46 0 20.74 
3.7 41.73 1 21.78 
3.8 46.15 0 25.3 
4.1 41.06 1 18.22 
4.2 48.31 0 27.11 
4.3 49.29 0 12.43 
 
   
Seed weights, protein concentration and genotype for population 1157-1 T1-3.  The genotype of the plant 





Figure 4.1:  cqProt-003. The 77 kb interval between the markers delimiting the genetic 
interval within which cqProt-003 has been mapped.  WGS scaffolds are indicated as grey 




















Figure 4.3: Gene models for Glyma.20G085200 in Williams 82 and PI 468916. Exons are represented by 
dark gray bars.  Introns are represented by black lines. Flanking genomic regions are represented by 
thicker black lines.  The 8129 bp insertion in Williams 82 relative to PI 468916 is shown through the 


























Figure 4.8: LD plot of the SNPs on either side of the Glyma.20G085100 variant.  The Glyma.20G085100 
variant is located in the center of the red triangle. The R2 values are colored such that the red triangle is 1, 
meaning that the SNPs within the triangle are all inherited together. 
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Figure 4.9:  LD plot of the SNPs on either side of the Glyma.20G085100 variant recalculated to include 
the CCT marker.  The R2 value of the CCT marker is much lower than the surrounding SNPs and shown 




















































Figure 4.15: Relative expression of Glyma.20G085100.  Plants from population 1157-1 T1-3: 7.4, 8.4, 
and 6.1 have the transgene detected while plants 6.8 and 5.7 were genotyped as null.  Expression values 















Figure 4.16: Illustration showing the hypotheses for the cause of high protein levels in cqProt-003.  
Hypothesis 1: The deletion is in PI 468916 and causing a high protein phenotype (loss of function) 
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APPENDIX A: SEED WEIGHT COMPACT LETTER DISPLAYS 
 
Table A.1:  Compact Letter Display for Population 1146-5 T1-4 
 
Plant ID  
          lsmean      SE   df lower.CL upper.CL .group          
2.3            0.150 0.00403 2542    0.150    0.150  a              
2.2*            0.185 0.00403 2542    0.184    0.185   b             
4.1*            0.190 0.00403 2542    0.190    0.191   bc            
1.5            0.209 0.00403 2542    0.209    0.209    cd           
3.3*            0.213 0.00403 2542    0.213    0.213     de          
3.5            0.216 0.00403 2542    0.216    0.216     de          
3.6            0.216 0.00403 2542    0.216    0.216     de          
2.4            0.217 0.00403 2542    0.217    0.218     def         
3.1            0.224 0.00403 2542    0.224    0.225     defg        
2.7*            0.228 0.00403 2542    0.228    0.228     defg        
3.7*            0.229 0.00403 2542    0.229    0.229     defgh       
1.1            0.230 0.00403 2542    0.230    0.230     defgh       
1.4            0.230 0.00403 2542    0.230    0.231      efgh       
3.4            0.232 0.00403 2542    0.232    0.232      efghi      
2.8            0.233 0.00403 2542    0.233    0.234      efghij     
3.2            0.238 0.00403 2542    0.238    0.238       fghijk    
2.6            0.240 0.00403 2542    0.239    0.240        ghijk    
1.3            0.243 0.00403 2542    0.242    0.243        ghijkl   
4.3            0.247 0.00488 2542    0.247    0.248        ghijklm  
2.1            0.249 0.00403 2542    0.249    0.249         hijklm  
1.6            0.252 0.00403 2542    0.252    0.252          ijklm  
1.8            0.254 0.00403 2542    0.254    0.254           jklmn 
3.8            0.257 0.00403 2542    0.256    0.257            klmn 
2.5            0.261 0.00403 2542    0.261    0.261             lmn 
1.2            0.267 0.00403 2542    0.266    0.267              mn 
            0.274 0.00403 2542    0.274    0.274               n       
 
The ID of the plant is shown in the first column “Plant ID”.  Plants IDs where the transgene was not 
detected are indicated with an asterisk.  The “group” column shows the means separation of the plants 
seed weights. An ANOVA was performed on the weights of 100 individual seeds for populations 1146-5 
T1-4 and 1157-1 T1-3.  The weight of the seeds was significantly different between the plants, however a 
least means separation does not show separation between the plants where the transgene is detected and 
the transgene is not detected. The compact letter display tables below easily visualize the means 
separation for the significantly different seed weights. 
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Table A.2: Compact Letter Display for Population 1157-1 T1-3 
 
Plant ID  
 colp lsmean      SE   df lower.CL upper.CL .group       
5.8   F     0.126 0.00388 2277    0.126    0.126  a           
5.5   C     0.144 0.00388 2277    0.144    0.145  ab          
6.1   G     0.149 0.00388 2277    0.148    0.149   bc         
7.3   P     0.157 0.00388 2277    0.157    0.157   bcd        
5.4   B     0.158 0.00388 2277    0.158    0.158   bcd        
5.3   A     0.159 0.00388 2277    0.159    0.159   bcd        
5.7*   E     0.162 0.00388 2277    0.162    0.162   bcde       
5.6   D     0.167 0.00388 2277    0.167    0.167    cde       
6.5   K     0.170 0.00388 2277    0.170    0.171     def      
6.7   M     0.173 0.00388 2277    0.173    0.173     defg     
8.2   W     0.179 0.00388 2277    0.179    0.179      efgh    
6.2*   H     0.181 0.00388 2277    0.180    0.181      efgh    
8.5*   Z     0.188 0.00388 2277    0.188    0.188       fghi   
6.4   J     0.189 0.00388 2277    0.188    0.189       fghi   
7.4   Q     0.192 0.00388 2277    0.192    0.193        ghi   
6.8*   N     0.195 0.00388 2277    0.195    0.195         hij  
8.3   X     0.197 0.00388 2277    0.197    0.198         hij  
8.1   V     0.201 0.00388 2277    0.201    0.201          ij  
7.8   U     0.201 0.00388 2277    0.201    0.201          ij  
8.4   Y     0.205 0.00388 2277    0.205    0.205          ij  
7.7   T     0.212 0.00388 2277    0.212    0.212           j  
7.6   S     0.239 0.00388 2277    0.238    0.239            k 
8.6*   AA    0.242 0.00388 2277    0.242    0.242             k      
 
The ID of the plant is shown in the first column “Plant ID”.  Plants IDs where the transgene was not 
detected are indicated with an asterisk.  The “group” column shows the means separation of the plants 
seed weights. An ANOVA was performed on the weights of 100 individual seeds for populations 1146-5 
T1-4 and 1157-1 T1-3.  The weight of the seeds was significantly different between the plants, however a 
least means separation does not show separation between the plants where the transgene is detected and 
the transgene is not detected. The compact letter display tables below easily visualize the means 






APPENDIX B: CONSTRUCT SEQUENCE 
 

















Figure C.1: The gene model from phytozome.jgi.doe.gov for Glyma.20G085100.  Exons are shown as tan 
bars. Introns are shown as black lines, UTRs are shown as grey bars.  The location of the 300 bp RNAi 
construct at the unique region of Glyma.20G085100 is indicated with a green bar.  This location is the 










Figure D.1: Leaves of transgenic plants being scored after five days.  The pattern of where the glufosinate 
was painted is clearly visible on the leaves of plants without the transgene.  Plants which do not have the 
transgene show clear chlorosis or necrosis where the glufosinate is painted on the first trifoliate. 
